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- " A E  D C - T R - 7 5 - 8 2  

1.0 INTRODUCTION 

With  t h e  a d v e n t  o f  t h e  h i g h - p e r f o r m a n c e ,  l o w - b y p a s s  
t u r b o f a n  c y c l e ,  t h e  e n g i n e  d e s i g n e r  was f a c e d  w i t h  t h e  p r o b -  
l e m  o f  m a t c h i n g  t h i s  s y s t e m  w i t h  an  e f f i c i e n t  e x h a u s t  n o z z l e  
c o n f i g u r a t i o n .  F o r  p r o p u l s i o n  c o n s i d e r a t i o n s ,  n o z z l e  s e l e c -  
t i o n  r e q u i r e s  k n o w l e d g e  o f  n o z z l e  p e r f o r m a n c e  c h a r a c t e r i s t i c s  
p r o d u c e d  u n d e r  a c t u a l  e n g i n e  o p e r a t i n g  c o n d i t i o n s .  I n i t i a l l y ,  
e x p e r i e n c e  a c c u m u l a t e d  w i t h  t u r b o j e t s  was a p p l i e d  t o  t h e  p r e -  
d i c t i o n  o f  t u r b o f a n  e x h a u s t  n o z z l e  p e r f o r m a n c e .  As o p e r a t i n g  
e x p e r i e n c e  was o b t a i n e d  w i t h  t u r b o f a n  e n g i n e s ,  h o w e v e r ,  s i g -  
n i f i c a n t  d i f f e r e n c e s  b e t w e e n  a c t u a l  a n d  p r e d i c t e d  p e r f o r m a n c e  
w e r e  o b s e r v e d  a t  some o p e r a t i n g  c o n d i t i o n s .  E x p e r i m e n t a l  
m e a s u r e m e n t s  made i n  t h e  E n g i n e  T e s t  F a c i l i t y  (ETF) o f  t h e  
A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  (AEDC) r e v e a l e d  t h a t  
t u r b o f a n  e x h a u s t  n o z z l e  i n l e t  c o n d i t i o n s  w e r e  c h a r a c t e r i z e d  
by s i g n i f i c a n t  r a d i a l  g r a d i e n t s  i n  b o t h  t o t a l  t e m p e r a t u r e  and  
v e l o c i t y  w h i c h  w e r e  n o t  f o u n d  i n  t u r b o j e t s .  The d i s c r e p a n c y  
b e t w e e n  m e a s u r e d  and  p r e d i c t e d  t u r b o f a n  e n g i n e  p e r f o r m a n c e  
was i n t u i t i v e l y  a t t r i b u t e d  t o  t h e  i n f l u e n c e  o f  t h e s e  f l o w  
n o n u n i f o r m i t i e s  on n o z z l e  p e r f o r m a n c e .  

I n  1969 ,  an a n a l y t i c a l  m o d e l  was " d e v e l o p e d  by W e h o f e r  
a n d  Moger ( R e f s .  1 a n d  2) t o  c o r r o b o r a t e  p e r f o r m a n c e  d a t a  
o b t a i n e d  i n  t h e  ETF t e s t  c e l l s .  T h i s  a n a l y s i s  c o n f i r m e d  t h e  
e a r l i e r  s u p p o s i t i o n  t h a t  n o z z l e  i n l e t  f l o w  n o n u n i f o r m i t i e s  
t y p i c a l  o f  l o w - b y p a s s  t u r b o f a n s  c a n  p r o d u c e  n o z z l e  p e r f o r m a n c e  
c o e f f i c i e n t s  w h i c h  d i f f e r  by s e v e r a l  p e r c e n t  f r o m  u n i f o r m  f l o w  
( o r  t u r b o j e t )  r e s u l t s .  In  a d d i t i o n ,  c o m p u t a t i o n s  w i t h  t h i s  
a n a l y s i s  i n d i c a t e d  t h a t  r e l a t i v e l y  s m a l l  c h a n g e s  i n  c o n v e r g e n t  
c o n i c a l  n o z z l e  e x i t  l i p  r a d i u s  o f  c u r v a t u r e  c a n  a l s o  s i g n i f -  
i c a n t l y  a f f e c t  n o z z l e  p e r f o r m a n c e  p r o v i d i n g  t h e  f l o w  r e m a i n s  
a t t a c h e d  t o  t h e  n o z z l e  w a l l .  

A l i t e r a t u r e  s e a r c h  f a i l e d  t o  u n c o v e r  any  s y s t e m a t i c  
nozzle experiments which might confirm the analytically 
predicted effects of nozzle lip radius of curvature and 
nonuniform inlet conditions on nozzle performance. Of the 
studies reviewed, the experiments of Grey and Wilsted 
(Ref. 3), Mourey (Ref. 4), and Glasgow, et al., (Ref. 5) 
are felt to be representative of turbine engine exhaust 
nozzle investigations conducted prior to 1972. In all three 
investigations, unheated air was used as the working fluid. 
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Grey and  W i l s t e d  and Mourey l i m i t e d  t h e i r  i n v e s t i g a t i o n s  t o  
s i m p l e  c o n v e r g e n t  c o n i c a l  n o z z l e s ;  Glasgow e v a l u a t e d  a x i -  
s y m m e t r i c  c o n v e r g e n t ,  c o n v e r g e n t - d i v e r g e n t ,  e j e c t o r  and  p l u g  
n o z z l e  c o n f i g u r a t i o n s  r e p r e s e n t a t i v e  o f  v a r i a b l e  g e o m e t r y  
e x h a u s t  n o z z l e s  a t  v a r i o u s  e n g i n e  o p e r a t i n g  c o n d i t i o n s .  In  
a l l  c a s e s ,  t h e  c o n v e r g e n t  c o n i c a l  n o z z l e s  e v a l u a t e d  a r e  
a s sumed  t o  have  s h a r p - e d g e d  l i p s  ( i . e . ,  z e r o  r a d i u s  o f  c u r -  
v a t u r e )  a t  t h e  t h r o a t  s t a t i o n  a l t h o u g h  t h i s  i s  n o t  e x p l i c i t l y  
s t a t e d  i n  any  of  t h e  r e f e r e n c e s .  Grey and  W i l s t e d  and  
Glasgow l i m i t e d  t h e i r  s t u d i e s  t o  n o z z l e  t h r u s t  and  d i s c h a r g e  
p e r f o r m a n c e  e v a l u a t i o n s  b u t  Mourey a l s o  p r o b e d  and  shadow-  
g r a p h e d  t h e  n o z z l e  e x i t  f l o w  f i e l d s .  

Some e v i d e n c e  o f  t h e  l i m i t a t i o n s  i n  e x i s t i n g  n o z z l e  
p e r f o r m a n c e  d a t a  may be n o t e d  f rom a c o m p a r i s o n  o f  r e s u l t s  
o b t a i n e d  by d i f f e r e n t  i n v e s t i g a t o r s  f o r  c o m p a r a b l e  n o z z l e s  
( F i g .  1 ) .  P a r t  o f  t h e  d i f f e r e n c e  i n  n o z z l e  d i s c h a r g e  c o e f -  
f i c i e n t  ( F i g .  1) a t  c o m p a r a b l e  n o z z l e  p r e s s u r e  r a t i o s  i s  

0.98 

0.96 

0.94 

j .,.., ,"~ ' -15-d~ Con 
o.92 ~ ~ (Area Contl 

o " ! ,  ' I 
40-deg Conical Nozzle 

O. 90 -(Area Contraction Ratio - I1 

"" 0.86 , , "  / '  

I 
J ~Sym 

0.84 

/ 

, 

J 

ozz[e 
~raction Ratio - 0. 269)- 

m m ~  

! l  I 

I I 

Mourey (Ref. 4) 
0. 82 / ~  " - - ~ - -  Grey and Wilstead (Ref. 3 ) -  

,1 , I J l J / i J /  0.80 
L1  L6  1.8 2.0 2.2 2.4 2.6 2.8 

Nozzle Pressure Ratio, PT/Pc 

Figure 1. Conical nozzle discharge coefficient 
versus nozzle pressure ratio from 
two different test rigs. 
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p r o b a b l y  due  t o  a c c u r a c y  l i m i t a t i o n s  o f  e a c h  o f  t h e  e x p e r i -  
m e n t a l  r i g s  a n d  t h e  a s s o c i a t e d  i n s t r u m e n t a t i o n .  H o w e v e r ,  
some o f  t h e  d i f f e r e n c e  i s  a l s o  a t t r i b u t a b l e  t o  d i f f e r e n c e s  
i n  n o z z l e  i n l e t  v e l o c i t y  p r o f i l e s  and  t o  t h e  r e f e r e n c e  c o n -  
d i t i o n s  e m p l o y e d  i n  t h e  d i s c h a r g e  c o e f f i c i e n t  d e f i n i t i o n .  
F o r  e x a m p l e ,  M o u r e y ' s  t e s t  r i g  i n c l u d e d  a r e l a t i v e l y  s h o r t  
(L/D ~ 7 ) ,  e s s e n t i a l l y  c o n s t a n t  d i a m e t e r  a p p r o a c h  p i p e  w h i c h  

' s h o u l d  h a v e  p r o d u c e d  a t h i n  b o u n d a r y  l a y e r  and  u n i f o r m  n o z z l e  
i n l e t  v e l o c i t y  c o n d i t i o n s .  On t h e  o t h e r  h a n d ,  Grey  a n d  
W i l s t e d ' s  t e s t  a p p a r a t u s  c o n s i s t e d  o f  a l o n g  (L/D ~ 30)  a p -  

. p r 0 a c h  p i p e  w i t h  s e v e r a l  9 0 - d e g  b e n d s ,  w h i c h ,  b a s e d  on i n l e t  
p i t o t  p r o b e  m e a s u r e m e n t s  and  AEDC b o u n d a r y  l a y e r  c a l c u l a -  
t i o n s ,  p r o d u c e d  f u l l y  d e v e l o p e d  p i p e  f l o w  v e l o c i t y  d i s t r i b u -  
t i o n s  a t  t h e  n o z z l e  i n l e t  s t a t i o n .  T h e r e f o r e ,  Grey  a n d  
W i l s t e d ' s  d a t a  r e f l e c t  an  a d d i t i o n a l ' i n f l u e n c e  o f  l a r g e  
b o u n d a r y  l a y e r s  and  n o n u n i f o r m  t o t a l  p r e s s u r e  p r o f i l e s  on  
n o z z l e  p e r f o r m a n c e  c o e f f i c i e n t s .  

B e c a u s e  o f . t h e  a p p a r e n t  l a c k  o f  t h e  i n f o r m a t i o n  r e -  
q u i r e d  t o  c o n f i r m  t h e  a n a l y t i c a l  p r e d i c t i o n s ,  an  e x p e r i m e n -  
t a l  p r o g r a m  was u n d e r t a k e n  a t  AEDC/ETF t o  p r o v i d e  p e r f o r -  
mance  c h a r a c t e r i s t i c s  o f  v a r i o u s  t u r b i n e  e n g i n e  e x h a u s t  
n o z z l e  c o n f i g u r a t i o n s  w i t h  n o m i n a l  f l o w  c o n d i t i o n s  r e p r e s e n -  
t a t i v e  o f  l o w - b y p a s s  t u r b o f a n  e n g i n e s .  R e s u l t s  f r o m  t h e s e  
e x p e r i m e n t s  h a v e  b e e n  u s e d  t o  e s t a b l i s h  t h e  i n f l u e n c e  o f  
f l o w  n o n u n i f o r m i t i e s  on  n o z z l e  p e r f o r m a n c e  and  t o  s u b s t a n -  
t i a t e  and  i m p r o v e  d e t a i l s  o f  t h e  W e h o f e r - M o g e r  a n a l y t i c a l  
m o d e l .  A l t h o u g h  t h e  e f f e c t  o f  n o n u n i f o r m  i n l e t  c o n d i t i o n s  
on  n o z z l e  p e r f o r m a n c e  was o f  p r i m a r y  i n t e r e s t ,  i n v e s t i g a -  
t i o n s  w e r e  a l s o  c o n d u c t e d  w i t h  u n i f o r m  f l o w  t o  p r o v i d e  c o n -  
s i s t e n t  b a s e l i n e  d a t a  f o r  c o m p a r a t i v e  p u r p o s e s .  

2,0 EXPERIMENTAL PROGRAM 

2.1 TEST NOZZLES 

N i n e  f i x e d - g e o m e t r y  e x h a u s t  n o z z l e ' m o d e l s  ( F i g .  2 and  
T a b l e  1) w e r e  e x p e r i m e n t a l l y  e v a l u a t e d  d u r i n g  t h e  i n v e s t i g a -  
t i o n s .  The c o n f i g u r a t i o n s  w e r e  s e l e c t e d  (1)  t o  be  r e p r e s e n -  
t a t i v e  o f  c o n t e m p o r a r y  t u r b o f a n  e x h a u s t  n o z z l e s ,  a n d  (2)  t o  
p r o v i d e  a s y s t e m a t i c  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  n o z z l e  
e x i t  l i p  g e o m e t r y  on c o n v e r g e n t  c o n i c a l  n o z z l e  p e r f o r m a n c e .  
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Figure 2. Test nozzle design details. 
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Table 1. Summary of Exhaust Nozzles Investigated 

Nominal A s - B u i l t  Geometry 

C o n f i g u r a t i o n  

C 8 . 1  

C 1 5 . 1  

C 2 5 . 0  

C 2 5 . 1  

C 2 5 . 3  

C 4 0 . 1  

C 25D3 

UPAC 

SPAC 

Nozzle  Type 
Mean Wai l  
A n g l e ,  deg 

C o n i c a l  C o n v e r g e n t  

C o n v e r g e n t - D i v e r g e n t  

Unshrouded Plug 

Shrouded Plug  

8 . 0  

1 5 . 0  

2 7 . 0  

2 5 . 0  

2 5 . 0  

4 0 . 5  

2 5 . 0  Cony .  
3.4  Div. 

Ai/A* 

1 . 1 4 4  

I .  301 

I .  582 

1 . 5 6 9  

1 . 5 6 5  

2 . 1 4 9  

I .  538  

3. 193 

1. 523 

Rc* 
0 . 0 6  

0 . 0 6  

0 

0 . 0 6  

0 . 3 0  

0 . 0 7  

<0.01 

m - - - -  

~/V/•/•./, ¢ 

O.J'L 

¢.dl 
o.#/ 
~.2p 
doe,,, 

C o n f i g u r a t i o n s  C 8 . 1 ,  C 1 5 . 1 ,  C 2 5 . 1 ,  and  C40 .1  a r e  r e p r e s e n -  
t a t i v e  o f  a v a r i a b l e - g e o m e t r y  c o n v e r g e n t - f l a p  p r i m a r y  e x -  
h a u s t  n o z z l e ,  w i t h  a g i v e n  l i p  g e o m e t r y ,  o p e r a t i n g  a t  v a r i -  
o u s  p o w e r  s e t t i n g s .  C o n f i g u r a t i o n  C25D3 i s  r e p r e s e n t a t i v e  
o f  an  a d v a n c e d ,  v a r i a b l e - g e o m e t r y ,  c o n v e r g e n t - d i v e r g e n t  
e x h a u s t  n o z z l e  i n  t h e  n o m i n a l  p o w e r  c o n f i g u r a t i o n .  C o n f i g u -  
r a t i o n s  UPAC and  SPAC a r e  r e p r e s e n t a t i v e  p l u g  e x h a u s t  n o z -  
z l e s  and  w e r e  i d e n t i c a l ,  i n  t e r m s  o f  i n t e r n a l  a e r o d y n a m i c  
c o n t o u r s ,  t o  t h e  UPAC 1 and  SPAC3 n o z z l e s  e v a l u a t e d  i n  t h e  
Lockheed /AFFDL i n t e g r a t e d  a i r f r a m e / n o z z l e  i n v e s t i g a t i o n s  
( R e f .  5 ) .  C o n f i g u r a t i o n s  C 2 5 . 0  and  C25 .3  w e r e  i n c l u d e d  t o  
p r o v i d e ,  a l o n g  w i t h  c o n f i g u r a t i o n  C 2 5 . 1 ,  r e l a t i v e  i n f o r m a -  
t i o n  on n o z z l e  e x i t  l i p  e f f e c t s .  A l l  n o z z l e s  t e s t e d  w e r e  
d i m e n s i o n a l l y  c h e c k e d  t o  e s t a b l i s h  a s - b u i l t  c o n t o u r s  w h i c h  
d i f f e r e d  s l i g h t l y  ( T a b l e  1) f r o m  t h e  d e s i g n  g e o m e t r i e s .  

2.2 TEST INSTALLATION. 

T e s t s  w e r e  c o n d u c t e d  i n  t h e  P r o p u l s i o n  R e s e a r c h  C e l l  
(R-1A-2 )  o f  t h e  AEDC E n g i n e  T e s t  F a c i l i t y  (ETF) ( F i g .  3 ) .  

A i r  f r o m  t h e  v o n  K~rm~n Gas D y n a m i c s  F a c i l i t y  (VKF), h i g h -  
p r e s s u r e ,  a i r  s u p p l y  s y s t e m  was u s e d  as  t h e  w o r k i n g  f l u i d .  
The 2 0 0 0 -  t o  4 0 0 0 - p s i  a i r  was t h r o t t l e d  t o  a p p r o x i m a t e l y  
300 p s i  t h r o u g h  a p n e u m a t i c a l l y  o p e r a t e d  c o n t r o l  v a l v e .  
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Figure 3. Propulsion nozzle research test installation. 

The t o t a l  a i r f l o w  p a s s i n g  t h r o u g h  t h e  t e s t  n o z z l e s  was  
m e t e r e d  w i t h  a 0 . 9 5 - i n . - d i a m  v e n t u r i  w h i c h  was  d e s i g n e d  f o r  
c r i t i c a l - f l o w  o p e r a t i o n  ( R e f .  6)  a t  a l l  t e s t  c o n d i t i o n s .  
F o r  t h e  n o n u n i f o r m  i n l e t  t e m p e r a t u r e  f l o w  i n v e s t i g a t i o n s ,  
t h e  a i r f l o w  was s p l i t  d o w n s t r e a m  o f  t h e  m a i n  m e t e r i n g  v e n t u r i  
s o  t h a t  a p o r t i o n  p a s s e d  t h r o u g h  a 7 - ~  e l e c t r i c a l  h e a t e r  
w h i c h  p r o v i d e d  d i s c h a r g e  a i r  a t  t e m p e r a t u r e s  up  t o  l l 0 0 ° R .  
B y p a s s  a i r  a t  a p p r o x i m a t e l y  500°R was  m e t e r e d  w i t h  a 0 . 7 8 -  
i n . - d i a m  v e n t u r i  a n d  t h e n  d u c t e d  r a d i a l l y  t h r o u g h  a m a n i -  
f o l d  i n t o  a p l e n u m  s e c t i o n  j u s t  u p s t r e a m  o f  t h e  t a i l p i p e  
s i m u l a t o r ;  T h r o t t l e  v a l v e s  l o c a t e d  i n  t h e  h e a t e r  a n d  b y -  
p a s s  l i n e s  w e r e  m o d u l a t e d  t o  e s t a b l i s h  t h e  d e s i r e d  f l o w  

. s p l i t s  w h i l e  m a i n t a i n i n g  c r i t i c a l  ~ l o w  i n  b o t h  m e t e r i n g  v e n -  
t u r i s .  N o z z l e  e x i t  p r e s s u r e  was  c o n t r o l l e d  w i t h  t h e  ETF 
e x h a u s t e r s .  

Two n o z z l e  a p p r o a c h  c o n f i g u r a t i o n s  ( F i g .  4)  w e r e  u s e d  
d u r i n g  t h e  i n v e s t i g a t i o n s .  'The n o n u n i f o r m  i n l e t  f l o w  t e s t s  
w e r e  c o n d u c t e d  i n  t h e  t u r b o f a n  e x h a u s t  s i m u l a t o r  r i g  ( F i g .  
4 a ) ,  i n  w h i c h  a c o r e  o f  h e a t e d  a i r  s u r r o u n d e d  by a a n n u l u s  
o f  u n h e a t e d  a i r  i s  p r o v i d e d  t o  s i m u l a t e ,  r e s p e c t i v e l y ,  t h e  
t u r b i n e  e x h a u s t  a n d  b y p a s s  f l o w  o f  a l o w - b y p a s s  t u r b o f a n .  
The r e l a t i v e  l e n g t h  o f  t h e  t a i l p i p e  s i m u l a t o r  a n d  t h e  t a i l -  
p i p e - t o - c o r e  f l o w  p i p e  d i a m e t e r  r a t i o  i n c l u d e d  i n  t h e  r i g  
w e r e  s c a l e d  t o  be  r e p r e s e n t a t i v e  o f  c u r r e n t  t e c h n o l o g y  t u r b o -  
f a n  e n g i n e s .  U n i f o r m  i n l e t  f l o w  i n v e s t i g a t i o n s  w e r e  c o n -  
d u c t e d  i n  t h e  u n i f o r m  f l o w  t e s t  r i g  ( F i g .  4 b ) ,  i n  w h i c h  c o l d  
a i r  i s  s u p p l i e d  t o  t h e  t e s t  n o z z l e  t h r o u g h  t h e  h e a t e r  l i n e  
o n l y .  A r e l a t i v e l y  s h o r t  a p p r o a c h  p i p e  (L/D ~ 1 . 5 )  i s  i n -  
c o r p o r a t e d  i n  t h i s  i n s t a l l a t i o n  t o  m i n i m i z e  b o u n d a r y  l a y e r  
d e v e l o p m e n t  u p s t r e a m  o f  t h e  t e s t  n o z z l e s .  
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Figure 4. Nozzle approach configurations. 

2.3 INSTRUMENTATION 

P r e s s u r e s  a n d  t e m p e r a t u r e s  w e r e  m e a s u r e d  a t  v a r i o u s  
p o i n t s  i n  t h e  t e s t  n o z z l e s ,  i n  t h e  i n l e t  s e c t i o n s ,  a n d  i n  t h e  
v e n t u r i s  t o  e s t a b l i s h  n o z z l e  f l o w  c h a r a c t e r i s t i c s  a t  t h e  v a r -  
i o u s  o p e r a t i n g  c o n d i t i o n s .  The p r e s s u r e  i n s t r u m e n t a t i o n  c o n -  
s i s t e d  o f  s t a t i c  p r e s s u r e  t a p s  i n s t a l l e d  a t  v a r i o u s  p o i n t s  
w i t h i n  t h e  n o z z l e  i n l e t  p i p e s ,  a l o n g  t h e  i n t e r n a l  s u r f a c e  o f  
t h e  t e s t  n o z z l e s ,  i n  t h e  n o z z l e  d i s c h a r g e  p l e n u m ,  a n d  i n  t h e  
m e t e r i n g  v e n t u r i s .  T o t a l  p r e s s u r e s  w e r e  a l s o  m e a s u r e d  i n  t h e  
v e n t u r i  i n l e t  p i p e s  w i t h  f i x e d  p o s i t i o n  p r o b e s .  N o z z l e  i n l e t  
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t o t a l  a n d  s t a t i c  p r e s s u r e  a n d  t o t a l  t e m p e r a t u r e  d i s t r i b u t i o n s  
w e r e  o b t a l n e d  w i t h  a r e m o t e l y  c o n t r o l l e d ,  v a r l a b l e  p o s i t i o n  
s u r v e y  p r o b e  ( F i g .  4 ) .  The s t r e a m  s t a t i c  p r e s s u r e  was  d e t e r -  
m l n e d  w i t h  a c a l i b r a t e d  2 0 - d e g  i n c l u d e d - a n g l e  c o n e  p r o b e .  
S t r a i n - g a g e - t y p e  t r a n s d u c e r s  w e r e  u s e d  f o r . t h e  p r e s s u r e  m e a -  
s u r e m e n t s .  

T o t a l  t e m p e r a t u r e s  w e r e  m e a s u r e d  w i t h  s i n g l e - s h i e l d e d ,  
s e l f - a s p i r a t i n g  t h e r m o c o u p l e  p r o b e s  i n  t h e  v e n t u r l  a n d  t e s t  
n o z z l e  i n l e t  p i p e s .  T e s t  n o z z l e  e x l t  a n d  v e n t u r i  t h r o a t  s u r -  
f a c e  t e m p e r a t u r e s  w e r e  m o n i t o r e d  w i t h  e m b e d d e d  t h e r m o c o u p l e s .  

A l l  d a t a  w e r e  r e c o r d e d  on m a g n e t i c  t a p e  t h r o u g h  t h e  u s e  
o f  an  a u t o m a t e d ,  s e q u e n t i a l l y  s a m p l i n g ,  m i l l i v o l t - t o - d i g i t a l  
d a t a  a c q u i s i t i o n  s y s t e m  s c a n n i n g  a t  a r a t e  o f  f o u r  p a r a m e t e r s  
p e r  s e c o n d .  

2.4 TEST PROCEDURE 

A l l  d a t a  w e r e  o b t a i n e d  a t  s t e a d y - s t a t e  c o n d i t i o n s .  
T r a n s d u c e r s  w e r e  c a l i b r a t e d  i n  p l a c e  b e f o r e  a n d  a f t e r  e a c h  
t e s t  p e r i o d  by a p p l y i n g  m u l t i p l e  p r e s s u r e  l e v e l s  t o  e a c h  
t r a n s d u c e r .  The a p p l i e d  p r e s s u r e  l e v e l s  w e r e  m e a s u r e d  w i t h  
b o t h  a m u l t i p l e - t u r n ,  f u s e d - q u a r t z  b o u r d o n  t u b e  a n d  s e r v o -  
c o n t r o l l e d  o p t i c a l  t r a n s d u c e r  a n d  a h i g h  p r e c i s i o n  g a g e .  
Main v e n t u r i  l n l e t  p r e s s u r e  was  c o n t i n u o u s l y  m o n i t o r e d  t o  
v e r i f y  t h a t  e s s e n t i a l l y  s t e a d y - s t a t e  c o n d i t i o n s  w e r e  m a i n -  
t a i n e d  t h r o u g h o u t  t h e  d a t a  a c q u i s i t i o n  p r o c e s s .  A r a n d o m  
c h e c k  o f  t h e  v e n t u r i  i n l e t  p r e s s u r e  r e c o r d s  i n d i c a t e d  t y p i -  
c a l  v a r i a t i o n s  on t h e  o r d e r  o f  ~ 0 . 1  t o  ± 0 . 4  p e r c e n t  d u r i n g  
t h e  t i m e  r e q u i r e d  t o  c o m p l e t e  a d a t a  s c a n .  

T e s t  n o z z l e  i n l e t  p r e s s u r e  was  n o m i n a l l y  10 t o  20 p s t a  
i n  a l l  c a s e s .  N o z z l e  i n l e t  t e m p e r a t u r e  was  n o m i n a l l y  480 t o  
510°R f o r  t h e  c o l d  f l o w  i n v e s t i g a t i o n s  a n d  f o r  t h e  b y p a s s  
s t r e a m  i n  t h e  n o n u n i f o r m  t e m p e r a t u r e  t e s t s .  C o r e  t e m p e r a -  
t u r e s  f o r  t h e  n o n u n i f o r m  t e m p e r a t u r e  e x p e r i m e n t s  r a n g e d  f r o m  
800 t o  l l 0 0 ° R .  
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3.0 DATA REDUCTION PROCEDURES 

The b u l k  o f  t h e  n o z z l e  d a t a  i n  t h i s  r e p o r t  i s  p r e s e n t e d  
i n  t h e  f o r m  o f  n o z z l e  p e r f o r m a n c e  c o e f f i c i e n t s .  N o z z l e  c o e f -  
f i c i e n t s  w e r e  s e l e c t e d  f o r  p r e s e n t a t i o n  b e c a u s e  o f . t h e i r  
t r a d i t i o n a l  i m p o r t a n c e  (1)  i n  t h e  t u r b i n e  e n g i n e  d e v e l o p m e n t  
c y c l e ,  (2 )  i n  t h e  e s t i m a t i o n  o f  c o m p o n e n t  a n d  i n t e g r a t e d  
e n g i n e  p e r f o r m a n c e  a t  p o i n t s  i n  t h e  f l i g h t  e n v e l o p e  n o t  i n -  
c l u d e d  i n  t h e  d e v e l o p m e n t  t e s t  p r o g r a m s ,  a n d  (3)  i n  g r o u n d -  
t o - f l i g h t  t e s t  e v a l u a t i o n s .  N o z z l e  p e r f o r m a n c e  c o e f f i c i e n t s  
( d i s c h a r g e  a n d  t h r u s t )  a r e  d e f i n e d  a s  e i t h e r  t h e  r a t i o  o f  
e n g i n e  m a s s  f l o w  o r  g r o s s  t h r u s t  t o  a c o r r e s p o n d i n g  r e f e r e n c e  
c o n d i t i o n .  The g e n e r a l l y  a c c e p t e d  n o z z l e  p e r f o r m a n c e  c o e f -  
f i c i e n t  d e f i n i t i o n s  a r e :  

Discharge Coefficient 

where, for subsonic flow 

P 'r 
~ A • 

~' I-I) ~/TT 

W a 

(I) C o = WI_D 

~ 7 ( la)  

a n d  f o r  s o n i c  a n d  s u p e r s o n i c  f l o w  

Thrust Coefficient 

A* - -  2 y-1 

f 

PT 
WI_ D = TV~T 

( lb) 

F a 

c v -- ( 2 )  
Fideal 

w h e r e  

2yg RT T Fideal = Wa ( y -  I) 
(2a) 
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The r e f e r e n c e  c o n d i t i o n s  f o r  E q s .  (1 )  a n d  (2)  a r e  b a s e d  on 
i d e a l ,  o n e - d i m e n s i o n a l  f l o w .  F o r  u n i f o r m  n o z z l e  f l o w  ( i . e . ,  
no  g r a d i e n t s  i n  s t a g n a t i o n  p r e s s u r e  o r  t e m p e r a t u r e )  e x h a u s t -  
i n g  i n t o  a q u i e s c e n t  e n v i r o n m e n t ,  e v a l u a t i o n  o f  t h e  r e f e r e n c -  
i n g  c o n d i t i o n s  f o r  Eqs .  (1)  a n d  (2 )  i s  u n i q u e .  F o r  n o n u n i -  
f o r m  f l o w  ( i . e . ,  r a d i a l  g r a d i e n t s  i n  e i t h e r  s t a g n a t i o n  p r e s -  
s u r e  o r  t e m p e r a t u r e ) ,  t h e  s t a g n a t i o n  p r o p e r t i e s  t o  be  u s e d  i n  
d e f i n i n g  t h e  o n e - d i m e n s i o n a l  r e f e r e n c e  c o n d i t i o n  b e c o m e  a 

" m a t t e r  o f  d e f i n i t i o n .  As a r e s u l t  o f  t h e s e  f l o w  n o n u n i f o r m i -  
t i e s ,  s e v e r a l  d i f f e r e n t  r e f e r e n c i n g  c o n d i t i o n s  h a v e  b e e n  u s e d  
i n  d e f i n i n g  t u r b o f a n  e x h a u s t  n o z z l e  p e r f o r m a n c e  c o e f f i c i e n t s .  
T h i s  i n c o n s i s t e n c y  i n  d e f i n i t i o n  m a k e s  i t  d i f f i c u l t  t o  com-  
p a r e  d i f f e r e n t  t u r b o f a n  e n g i n e  t h r u s t  p e r f o r m a n c e  d a t a .  

An i d e a l  r e f e r e n c e  d e f i n i t i o n  w o u l d  p r o d u c e  c o e f f i c i e n t s  
t h a t  a r e  i n d e p e n d e n t  o f '  n o z z l e  f l o w  n o n u n i f o r m i t i e s ;  h o w e v e r ,  
no  r e f e r e n c e  f l o w  d e f i n i t i o n  s u g g e s t e d  t o  d a t e  h a s  d e m o n -  
s t r a t e d  t h i s  c a p a b i l i t y  f o r  a l a r g e  r a n g e  i n  f l o w  d i s t o r t i o n s .  
T h e r e  a r e  b a s i c a l l y  t h r e e  d i f f e r e n t  r e f e r e n c e  f l o w  c o n d i t i o n s  
t h a t  a r e  g e n e r a l l y  e m p l o y e d  f o r  n o n u n i f o r m  f l o w s ,  (1 )  a r e a -  
w e i g h t e d  r e f e r e n c e  c o n d i t i o n s ,  (2 )  s t r e a m  t u b e  r e f e r e n c e  c o n -  
d i t i o n s ,  a n d  (3)  m a s s - w e i g h t e d  r e f e r e n c e  c o n d i t i o n s .  The 
a r e a - w e i g h t e d  a n d  s t r e a m  t u b e  r e f e r e n c e  c o n d i t i o n s  a r e  d i s -  
c u s s e d  i n  t h i s  r e p o r t .  The m a s s - w e i g h t e d  r e f e r e n c i n g  p r o -  
c e d u r e  ( R e f .  6)  u s e s  m a s s - w e i g h t e d  t o t a l  p r e s s u r e  a n d  t e m p e r a -  
t u r e  f o r  t h e  p r i m a r y  a n d  b y p a s s  f l o w  a n d  an  i d e a l  p r i m a r y  a n d  
b y p a s s  t h r u s t .  H o w e v e r ,  i n  t h e  p r e s e n t  e x p e r i m e n t s ,  t h e  p r e s -  
s u r e  a n d  t e m p e r a t u r e  p r o f i l e s  a t  t h e  c o r e  n o z z l e  e x i t  p l a n e  
w e r e  n o t  m e a s u r e d ;  t h e r e f o r e ,  m a s s - w e i g h t e d  c o e f f i c i e n t s  w e r e  
n o t  c a l c u l a t e d .  I n  a d d i t i o n  t o  t h e s e  t h r e e  r e f e r e n c i n g  p r o -  
c e d u r e s ,  t h e r e  a r e  a l s o  v a r i a t i o n s  f o r  two s t r e a m  f l o w s  s u c h  
a s  t h e  inclusion o f  " m i x i n g - e f f i c i e n c y "  ( R e f .  7 ) ,  " a d d e r "  
f a c t o r s  ( R e f .  8 ) ,  o r  u s i n g  m a x i m i z e d  w e i g h t  f l o w  r e l a t i o n s  i n  
p l a c e  o f  s o n i c  r e f e r e n c e  f l o w  c o n d i t i o n s  ( R e f .  9 ) .  

3.1 DISCHARGE COEFFICIENT 

3.1.1 Area-Weighted Method 

The a r e a - w e i g h t e d  d i s c h a r g e  c o e f f i c i e n t  i s  d e f i n e d  a s  

a 

cl~a = ~.A ( 3 )  
i - D 

% 
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T h e  r e f e r e n c e  m a s s  f l o w  (wAI_D)  i s  b a s e d  o n  s o n i c  f l o w  u s i n g  
a n  a r e a - w e i g h t e d  a v e r a g e  t o t a l  p r e s s u r e  a n d  t e m p e r a t u r e  o u t -  
S i d e  t h e  b o u n d a r y  l a y e r ;  

( 3 a )  

w h e r e  
i=11 

2 X [ (PTr ) i  - ( P T r ) i - I  ] ( r i -  r i-1) ] (3b)  
2 

rinlet 

i----II 

2 X [ (TTr)  i - ( T T r ) i _ l ] ( r  i - ri_ 1) ( 3 c )  
1 

2 
rinlet 

A 
a n d  ~t i s  b a s e d  o n  T T 

F o r  t h e  p r e s e n t  s t u d y ,  t h i s  d e f i n i t i o n  o f  r e f e r e n c e  m a s s  f l o w  
w a s  u s e d  f o r  b o t h  c h o k e d  a n d  u n c h o k e d  n o z z l e  f l o w s .  

3.1.2 Stream Tube Method 

T h e  s t r e a m  t u b e  d i s c h a r g e  c o e f f i c i e n t  i s  d e f i n e d  a s  
W a 

CDS = ( 4 )  
W~- D 

T h e  r e f e r e n c e  m a s s  f l o w  s (W 1 D  ) i s  b a s e d  o n  s o n i c  f l o w  a n d  a 
m a s s  f l o w  c o m p u t e d  f r o m  a f i n i t e  n u m b e r  o f  a n n u l a r  s t r e a m  
t u b e  e l e m e n t s  o f  e q u a l  a r e a :  

i 

r yi+-7 
(5) 

w h e r e  T'x i s  b a s e d  o n  TT~ o f  e a c h  s t r e a m  t u b e .  T e n  s t r e a m  
t u b e  e l e m e n t s  w e r e  u s e d  i n  t h e  p r e s e n t  c a l c u l a t i o n s .  T h i s  
r e f e r e n c e  m a s s  f l o w  w a s  u s e d  f o r  b o t h  c h o k e d  a n d  u n c h o k e d  
n o z z l e  f l o w s .  
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3.2 THRUST COEFFICIENT 

3.2.1 Area-Weighted Method 

The a r e a - w e i g h t e d  t h r u s t  c o e f f i c i e n t  i s  d e f i n e d  a s  

r a 

C r A  = A (6) 
Fideal 

The i d e a l  t h r u s t  i s  b a s e d  on  a r e a - w e i g h t e d  s t a g n a t i o n  p r e s -  
s u r e  a n d  t e m p e r a t u r e  ( E q s .  (3b)  a n d  ( 3 c ) )  o u t s i d e  t h e  w a l l  
b o u n d a r y  l a y e r :  

A l y F i d e a  I = W a y_"-'~ 

w h e r e  y i s  b a s e d  on TA T, 

3.2.2 Stream Tube Method 

w h e r e  

The s t r e a m  t u b e  t h r u s t  c o e f f i c i e n t  i s  d e f i n e d  a s  

F s  x 

C F S  = 
F s 

ideal  
(7) 

(8) 

a n d  Yi  i s  b a s e d - o n  T T i .  A g a i n ,  t e n  s t r e a m  t u b e  e l e m e n t s  (n )  
w e r e  u s e d  i n  t h e  p r e s e n t  c o m p u t a t i o n s .  

3.3 AIRFLOW CALCULATION 

The a c t u a l  n o z z l e  mass  f l o w  (Wa) i s  d e t e r m i n e d  f r o m  t h e  
m a i n  v e n t u r i  m e a s u r e m e n t s  u s i n g  t h e  c a l c u l a t i o n  p r o c e d u r e s  
o u t l i n e d  i n  R e f .  10 a n d  a r e a l  g a s  c o r r e c t i o n  ( R e f .  1 1 ) .  
B a s e d  on t h e  i n d i v i d u a l  a c c u r a c i e s  o f  t h e  f l o w - m e a s u r i n g  
s y s t e m  a n d  i n s t r u m e n t a t i o n ,  t h e  a i r f l o w  c o n t r o l  s y s t e m ,  a n d  
r e a l  g a s  c o r r e c t i o n s ,  t h e  a c c u r a c y  o f  t h e  n o z z l e  a i r f l o w  i s  
e s t i m a t e d  t o  be  ±1 p e r c e n t .  

1 8  
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3.4 NOZZLE THRUST CALCULATION 

The m e a s u r e m e n t  o f  n o z z l e  a x i a l  t h r u s t  (F a )  i s  i d e a l l y  
o b t a i n e d  w i t h  a t h r u s t  s t a n d  c o n s i s t i n g  o f  a f i x e d  f r a m e ,  a 
m o v a b l e  f r a m e ,  a l o a d  c e l l ,  a n d ' a  c a l i b r a t i o n  s y s t e m .  L a r g e  
t h r u s t - m e a s u r i n g  s y s t e m s  o f  t h i s  t y p e  a r e  a v a i l a b l e  i n  t h e  
m a j o r  e n g i n e  t e s t  c e l l s  o f  t h e  ETF. U n f o r t u n a t e l y  t h e  R-1A-2  
t e s t  c e l l  i s  n o t  e q u i p p e d  w i t h  a t h r u s t  m e a s u r e m e n t  s y s t e m  
a n d  a v a i l a b l e  r e s o u r c e s  p r e c l u d e d  d e v e l o p m e n t  o f  s u c h  a s y s -  
t e m .  I n  v i e w  o f  t h i s  f a c t ,  a c o m p u t e d  momentum b a l a n c e  p r o -  
c e d u r e  was  u s e d  t o  d e t e r m i n e  n o z z l e  t h r u s t .  

The a c t u a l  n o z z l e  g r o s s  t h r u s t  (F a )  i s  o b t a i n e d  f r o m  a 
momentum b a l a n c e  b a s e d  on  m e a s u r e d  m a s s  f l o w ,  m e a s u r e d  r a d i a l  
d i s t r i b u t i o n  o f  i n l e t  s t a g n a t i o n  p r e s s u r e  a n d  t e m p e r a t u r e ,  
w a l l  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s ,  c o m p u t e d  s k i n  f r i c t i o n  
a n d  s t r u t  d r a g ,  a n d  t h e  a s s u m p t i o n  t h a t  s t a t i c  p r e s s u r e  i s  
c o n s t a n t  a c r o s s  t h e  n o z z l e  i n l e t  s t a t i o n  o r  

A e A e , 

Fa = F i -~ J" P(x)dA + f rwdA r - PcAe - Drag Strut (9) 
A i A i 

w h e r e  
r W 

F i = PiAi + 2~rf pu2rdr ( l O )  
r c b  

T h e  n o z z l e  i n l e t  s t a t i c  p r e s s u r e  i s  d e t e r m i n e d ' b y  u s i n g  
t h e  m e a s u r e d  r a d i a l  d i s t r i b u t i o n  o f  s t a g n a t i o n  p r o p e r t i e s  a n d  
t h e  v a l u e  o f  t h e  mass  f l o w  o b t a i n e d  f r o m  t h e  m e t e r i n g  v e n t u r i  
t o  i m p l i c i t l y  s o l v e  t h e  i n t e g r a l  f o r m  o f  t h e  c o n t i n u i t y  e q u a -  
t i o n  f o r  s t a t i c  p r e s s u r e .  The v a l u e  o f  s t a t i c  p r e s s u r e  o b -  
t a i n e d  i n  t h i s  m a n n e r  g e n e r a l l y  a g r e e d  w i t h i n  1 t o  2 p e r c e n t  
o f  t h e  v a l u e  f o r  t h e  s t a t i c  p r e s s u r e  m e a s u r e d  w i t h  a c a l i -  
b r a t e d  c o n e  p r o b e .  The C8 .1  .and C 1 5 . 1  n o z z l e s ,  h o w e v e r ,  h a d  
h i g h  t a i l p i p e  Mach n u m b e r s  ( 0 . 7  t o  0 . 9 )  t h a t  r e s u l t e d  i n  
l a r g e  r a d i a l  s t a t i c  p r e s s u r e  g r a d i e n t s .  T h e r e f o r e ,  no  t h r u s t  
computations were made for the C8.1, and only limited thrust 
computations were made for the C15.1 nozzle configurations. 
The drag terms in Eq. (9) include an estimate for wall shear 
force which was obtained from a boundary-layer computer pro- 
gram (Ref. 12). An indication of the boundary layer charac- 

teristics of each test nozzle is presented in Fig. 5. The 
strut drag for the plug nozzles was obtained using the drag 
coefficient for a cylinder in cross flow. The drag correction 
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for all of the non-plug nozzles except the C8.1 nozzle was 
less than 1 percent of the nozzle thrust coefficient (CF). 
The plug nozzles had a combined calculated strut and wall 
drag of approximately I percent of C F for the UPAC nozzle 
and 2 percent of CF for the SPAC nozzle. 
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Figure 5. Calculated boundary layer 
mass defect variation. 

The evaluation of nozzle thrust using a computed momen- 
tum balance is mechanically simple; however, the accuracy of 
the thrust is dependent on the individual accuracies of the 
measured mass flow, the inlet stagnation properties, the wall 
static pressures, and the calculated wall shear forces. The 
best estimate of the nozzle thrust accuracy is ±1.5 percent. 
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4.0 RESULTS 

E a c h  n o z z l e  was  e v a l u a t e d  i n  b o t h  t h e  t u r b o f a n  e n g i n e  
e x h a u s t  s i m u l a t o r  ( F i g .  4 a )  a n d  t h e  u n i f o r m  f l o w  t e s t  r i g  
( F i g .  4 b ) .  The g e n e r a l  t e s t  m a t r i x  i s  p r e s e n t e d  i n  t h e  
f o l l o w i n g  t a b l e  I . 

Table 2. Range of Test Conditions 

T e a t  RIg  HPR BPR BTR 

T u r b o f a n  1.8  t o  6 .0  0 .6  t o  1.5  0 .45  t o  1 .5  
S i m u l a t o r  

Unl£orm 1.8 t o  6 .0  0 1 .0  
Flow 

l ~ ,  p e l a  TTm OR 

Core :  10 t o  20 Core:  500 t o  1100 
8 e c o n d u y :  10 t o  20 8econdsry :  500 t o  700 

10 t o  20 460 t o  500 

A summary  o f  t h e  d a t a  i s  p r e s e n t e d  i n  A p p e n d i x  A 
( N o m i n a l  N o z z l e  P e r f o r m a n c e  D a t a ) .  T h e o r e t i c a l  c a l c u l a t i o n s  
w e r e  made w i t h  t h e  W e h o f e r - M o g e r  a n a l y s i s  ( R e f .  2)  f o r  c o m -  
p a r i s o n  w i t h  e x p e r i m e n t a l  d a t a  a n d  a r e  i n c l u d e d  t h r o u g h o u t  
t h i s  s e c t i o n .  T h i s  m e t h o d  u s e s  t h e  a s y m p t o t i c  s o l u t i o n  t o  
t h e  t i m e - d e p e n d e n t  c o n s e r v a t i o n  f l o w  e q u a t i o n s .  The f l u i d  
i s  a s s u m e d  t o  be  i n v i s c i d ,  n o n - h e a t  c o n d u c t i n g ,  a n d  t h e r -  
m a l l y  p e r f e c t .  The f l o w  f i e l d  i s  a s s u m e d  t o  be  a x i s y m m e t r i c  
o r  p l a n a r .  The a n a l y s i s  i n c l u d e s  t h e  t r e a t m e n t  o f  b o t h  c o n -  
v e r g e n t  a n d  p l u g  n o z z l e s ,  a n d  n o n u n i f o r m  n o z z l e  i n l e t  p r o -  
f i l e s  o f  t o t a l  p r e s s u r e ,  t o t a l  t e m p e r a t u r e ,  a n d  g a s  p r o p e r -  
t i e s .  B e c a u s e  o f  ~he  n u m b e r  o f  c a l c u l a t i o n s  r e q u i r e d  t o  
c o n s t r u c t  a p e r f o r m a n c e  c o e f f i c i e n t  c u r v e  a n d  b e c a u s e  o f  t h e  

1 I t  s h o u l d  be  n o t e d  t h a t ,  b e c a u s e  o f  t h e  f i x e d  g e o m e t r y  
o f  t h e  t u r b o f a n  s i m u l a t o r  t e s t  r i g ,  c h a n g e s  i n  ~PR c o r r e s -  
p o n d  t o  c h a n g e s  i n  t h e  c o r e - t o - b y p a s s  t o t a l  p r e s s u r e  r a t i o .  
~ n y  t u r b o f a n  e n g i n e s  h a v e  v a r i a b l e  g e o m e t r y  f e a t u r e s  w h i c h  
m a i n t a i n  m a t c h e d  t a i l p i p e  s t a g n a t i o n  p r e s s u r e  w i t h  e x c u r -  
s i o n s  i n  BPR. T h e r e f o r e ,  t h e  r e a d e r  s h o u l d  be  c a r e f u l  when  
i n f e r r i n g  BPR e f f e c t s  on e n g i n e  p e r f o r m a n c e  f r o m  t h e  e x -  
p e r i m e n t a l  r e s u l t s  p r e s e n t e d  i n  t h i s  r e p o r t .  

2 1  
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c o m p u t e r  t i m e  r e q u i r e d  t o  c o n s t r u c t  a f l o w  f i e l d  f o r  a c o n -  
v e r g e n t  n o z z l e  i n c l u d i n g  r e a l  g a s  e f f e c t s ,  n o n u n i f o r m  i n l e t  
f l o w  p r o p e r t i e s  a n d  a f r e e  p r e s s u r e  b o u n d a r y ,  i t  was  n e c -  
e s s a r y  t o  r e s t r i c t  t h e  t h e o r e t i c a l  c o m p u t a t i o n s  t o  a l i m i t e d  
n u m b e r  o f  t e s t  c o n d i t i o n s .  

4,1 UNIFORM INLET FLOW 

4.1.1 Comparison with Other Results 

P e r f o r m a n c e  c h a r a c t e r i s t i c s  a r e  c o m p a r e d  w i t h  Mourey  
( R e f .  4)  t o  p r o v i d e  a b e n c h  m a r k  b e t w e e n  t h e  p r e s e n t  e x p e r i -  
m e n t s  a n d  p r e v i o u s l y  r e p o r t e d  r e s u l t s .  Mourey  e v a l u a t e d  a 
2 5 - d e g ,  c o n v e r g e n t ,  s h a r p  l i p  n o z z l e  i n  a c o l d  f l o w  t e s t  r i g  
w h i c h  e m p l o y e d  an  A S ~  n o z z l e  f o r  a i r f l o w  m e a s u r e m e n t  a n d  a 
s t a t i c  t h r u s t  s t a n d  e q u i p p e d  w i t h  a s t r a i n - g a g e  l o a d  c e l l  
f o r  t h r u s t  d e t e r m i n a t i o n .  E x p e r i m e n t a l  d i s c h a r g e  c o e f f i -  
c i e n t s  f r o m  Mourey  a n d  f r o m  t h e  p r e s e n t  C 2 5 . 0  n o z z l e  e x p e r i -  
m e n t s  ( F i g .  6) a g r e e  w i t h i n  0 . 7 5  p e r c e n t ,  w i t h  t h e  maximum 
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Figure 6. Comparison of C25.0 nozzle performance 
from different test rigs (uniform cold 
flow inlet conditions). 
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d e v i a t i o n  o c c u r r i n g  a t  n o z z l e  p r e s s u r e  r a t i o s  a b o v e  3.  T h r u s t  
c o e f f i c i e n t s  a g r e e  t o  w i t h i n  1 t o  1 . 5  p e r c e n t ,  w h i c h  i s  r e a -  
s o n a b l e  i n  v i e w  o f  s l i g h t  d i f f e r e n c e s  i n  c o n t r a c t i o n  r a t i o  a n d  
b o u n d a r y  l a y e r  c h a r a c t e r i s t i c s  b e t w e e n  t e s t  c o n f i g u r a t i o n s .  

P r e v i o u s  AEDC i n v e s t i g a t i o n s  (Refo 2) d e m o n s t r a t e d  t h e  
c o r r e l a t i o n  b e t w e e n  t h e o r e t i c a l  c a l c u l a t i o n s  made w i t h  t h e  
W e h o f e r - M o g e r  a n a l y s i s  a n d  a l l  t h e  s h a r p  l i p  c o n i c a l  n o z z l e  
d a t a  o b t a i n e d  by Mourey ( F i g .  7 ) .  A l s o  shown i n  F i g .  7 i s  a 
c o m p a r i s o n  o f  t h e  p r e s e n t  C25 .0  n o z z l e  p e r f o r m a n c e  r e s u l t s .  
T h e r e  i s  g o o d  a g r e e m e n t  b e t w e e n  t h e  c a l c u l a t e d  d i s c h a r g e  
c o e f f i c i e n t s  a n d  a l l  t h e  e x p e r i m e n t a l  r e s u l t s .  D i f f e r e n c e s  
b e t w e e n  t h e  t h e o r e t i c a l  t h r u s t  c o e f f i c i e n t s  and  t h e  e x p e r i -  
m e n t a l  r e s u l t s  a r e  s o m e w h a t  g r e a t e r ,  p o s s i b l y  b e c a u s e  o f  t h e  
l a r g e r  u n c e r t a i n t y  i n  m e a s u r e d  t h r u s t  a s  c o m p a r e d  w i t h  m e a -  
s u r e d  mass  f l o w .  

Nozzle Pressure RMIo, PTIPc 

a, Discharge coefficient 
Figure 7. Comparison of experimental and theoretical convergent 

conical nozzle performance (uniform cold flow). 

N0zzle Pressure Ratio, PTIPc 

b. Thrust coefficient 
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I . )  
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A c o m p a r i s o n  o f  n o z z l e  p e r f o r m a n c e  c o e f f i c i e n t s  f o r  t h e  
two p l u g  n o z z l e s  (UPAC and  SPAC) and  s i m i l a r  n o z z l e s  r e p o r t e d  
by G l a s g o w  ( R e f .  5) i s  p r e s e n t e d  i n  F i g s .  8a  a n d  b.  G l a s g o w  
u s e d  a c h o k e d  v e n t u r i  t o  m e a s u r e  mass  f l o w  and  a f o r c e  b a l a n c e  
s y s t e m  f o r  t h r u s t  m e a s u r e m e n t s .  B e c a u s e  t h e  SPAC n o z z l e  t h r o a t  
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i s  l o c a t e d  u p s t r e a m  o f  t h e  n o z z l e  e x i t  a n d  t h e r e  i s  a s i g n i -  
f i c a n t  r e g i o n  o f  s u p e r s o n i c  f l o w  w h i c h  i s o l a t e s  t h e  t h r o a t  
f r o m  a m b i e n t  p r e s s u r e ,  t h e  d i s c h a r g e  c o e f f i c i e n t  i s  n e a r l y  
c o n s t a n t  w i t h  p r e s s u r e  r a t i o .  The d a t a  c o m p a r i s o n  s h o w s  a 
maximum 0 . 7 5 - p e r c e n t  d i f f e r e n c e  i n  d i s c h a r g e  c o e f f i c i e n t s  
a n d  a d i f f e r e n c e  o f  a p p r o x i m a t e l y  2 p e r c e n t  i n  t h r u s t  c o e f -  
f i c i e n t s .  The u n c e r t a i n t y  i n  t h r u s t  c o e f f i c i e n t s  f r o m  t h e  
p r e s e n t  s t u d i e s  i s  e x p e c t e d  t o  be  l a r g e s t  f o r  t h e  p l u g  c o n -  
f i g u r a t i o n s  s i n c e  t h e s e  n o z z l e s  h a v e  t h e  f e w e s t  w a l l  p r e s -  
s u r e  t a p s  a n d  l a r g e s t  c o r r e c t i o n  f o r  w a l l  s h e a r  a n d  s t r u t  
f o r m  d r a g .  T h e r e  i s  g e n e r a l l y  g o o d  a g r e e m e n t  b e t w e e n  t h e  
e x p e r i m e n t a l  a n d  t h e o r e t i c a l  w a l l  p r e s s u r e  d i s t r i b u t i o n s  f o r  
t h e  UPAC n o z z l e  ( F i g .  9 ) .  The d i f f e r e n c e  i n  t h e  a f t  e n d  
p l u g  p r e s s u r e  d i s t r i b u t i o n  f o r  X g r e a t e r  t h a n  1 . 6  i s  a t t r i b -  
u t e d  t o  t h e  p r e s e n c e  o f  a s h o c k  o r  f l o w  s e p a r a t i o n .  The 
p r e s e n t  t h e o r e t i c a l  p r o c e d u r e  d o e s  n o t  a c c o u n t  f o r  e i t h e r  
f l o w  p h e n o m e n o n .  C o m p a r i s o n  o f  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  
d i s c h a r g e  a n d  t h r u s t  c o e f f i c i e n t s ' f o r  t h e  UPAC n o z z l e  i s  i n -  
c l u d e d  i n  t h e  t a b l e  i n  F i g .  9.  
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Figure 8. Comparison of plug nozzle performance 

from different test rigs (uniform 
cold flow inlet conditions). 
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In  summary ,  w i t h i n  t h e  l i m i t s  o f  u n c e r t a i n t y  i m p o s e d  by 

l .  

2 .  

s l i g h t  d i f f e r e n c e s  i n  g e o m e t r y ,  

some d i f f e r e n c e s  i n  i n l e t  f l o w  c o n d i t i o n s ,  
p a r t i c u l a r l y  b o u n d a r y  l a y e r  c h a r a c t e r i s t i c s ,  
an d  

3 .  a c c u r a c y  o f  t h e  m e a s u r i n g  s y s t e m  i n v o l v e d ,  

t h e  c u r r e n t  e x p e r i m e n t a l  r e s u l t s  a r e  i n  g e n e r a l  a g r e e m e n t  
w i t h  t h o s e  o f  Mourey a n d  G l a s g o w .  A l s o ,  f o r  u n i f o r m  n o z z l e  
i n l e t  f l o w ,  t h e r e  i s  g e n e r a l l y  g o o d  a g r e e m e n t  b e t w e e n  t h e  
t h e o r e t i c a l  c a l c u l a t i o n s  a n d  t h e  e x p e r i m e n t a l  d a t a .  

4.1.2 Nozzle Throat Geometry Effects 

The i n f l u e n c e  o f  c h a n g e s  i n  t h r o a t  g e o m e t r y  on  n o z z l e  
w a l l  Mach n u m b e r  d i s t r i b u t i o n  c a n  be e v a l u a t e d  by c o m p a r i n g  
d i s t r i b u t i o n s  f o r  a s h a r p - l i p  c o n v e r g e n t  n o z z l e  ( C 1 5 . 0  a n d  
C 2 5 . 0 )  a n d  o n e  h a v i n g  a r o u n d e d  l i p  (C15 .1  a n d  C 2 5 . 1 )  ( F i g .  
1 0 ) .  A r o u n d e d  l i p  c a u s e s  t h e  f l o w  t o  r a p i d l y  a c c e l e r a t e  
i n  t h e  v i c i n i t y  o f  t h e  t h r o a t  r e g i o n  when c o m p a r e d  w i t h  a 
s h a r p - l i p  n o z z l e .  A c o m p a r i s o n  o f  a t h e o r e t i c a l  ( R e f .  2)  
w a l l  p r e s s u r e  d i s t r i b u t i o n  w i t h  e x p e r i m e n t a l  d a t a  i s  shown 
i n  F i g .  11.  As e v i d e n c e d  by t h e  e x p e r i m e n t a l  r e s u l t s ,  t h e  
f l o w  s e p a r a t e s  f r o m  t h e  n o z z l e  w a l l  i n  t h e  v i c i n i t y  o f  t h e  
n o z z l e  t h r o a t .  F o r  n o z z l e s  h a v i n g  a s m a l l  t h r o a t  r a d i u s  o f  
c u r v a t u r e  ( ~ 0 . 1 ) ,  t h e  f l o w  c a n  a p p a r e n t l y  w i t h s t a n d  a p p r o x i -  
m a t e l y  1 0 - p e r c e n t  r i s e  i n  b a c k  p r e s s u r e  b e f o r e  s e p a r a t i n g  
( F i g s .  12a and  b ) .  T h i s  1 0 - p e r c e n t  c r i t e r i o n  c a n  be  u s e d  i n  
m a k i n g  n o z z l e  f l o w  c a l c u l a t i o n s .  F o r  l a r g e r  t h r o a t  r a d i u s  
o f  c u r v a t u r e s  ( ~ 0 . 3 ) ,  t h e  r i s e  i n  b a c k  p r e s s u r e  d o e s  n o t  
r e s u l t  i n  t h e  a b r u p t  c h a n g e  i n  w a l l  p r e s s u r e  ( F i g .  1 2 c ) .  
F o r  t h e  l a r g e r  t h r o a t  r a d i i  o f  c u r v a t u r e ,  a d d i t i o n a l  i n f o r -  
m a t i o n  ( i . e . ,  t h r o a t  w a l l  p r e s s u r e s )  i s  r e q u i r e d  b e f o r e  
c a l c u l a t i o n s  c a n  be  made f o r  an  o v e r e x p a n d e d  f l o w  f i e l d .  

A l t h o u g h  t h e  f l o w  d o e s  a p p a r e n t l y  s e p a r a t e ,  t h e  
r o u n d e d  l i p  s t i l l  e x e r t s  an  i n f l u e n c e  on t h e  o u t e r  p o r t i o n  
o f  t h e  n o z z l e  f l o w  f i e l d .  The i n f l u e n c e  o f  t h r o a t  g e o m e t r y  
on n o z z l e  p e r f o r m a n c e  c h a r a c t e r i s t i c s  c a n  be d e t e r m i n e d  
f r o m  a c o m p a r i s o n  o f  t h e  e x p e r i m e n t a l  r e s u l t s  f r o m  t h e  
C 2 5 . 0 ,  C 2 5 . 1 ,  C 2 5 . 3 ,  a n d  C25D3 n o z z l e s .  I n c r e a s i n g  n o z z l e  
l i p  r a d i u s  o f  c u r v a t u r e  i n c r e a s e d  b o t h  d i s c h a r g e  a n d  t h r u s t  
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L4  

W I . 3  
. 4  

~ 1.2 ~ -  ~ Nozzle 

~ l . l  0 

o 

c o e f f i c i e n t s  ( Z i g .  1 3 ) .  A c o m p a r i s o n  o f  t h e o r e t i c a l  a n d  
e x p e r i m e n t a l  p e r f o r m a n c e  c o e f f i c i e n t s  i s  i l l u s t r a t e d  i n  F i g .  
14.  I n  m a k i n g  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  f o r  t h e  C25 .3  
n o z z l e ,  t h e  p o i n t  o f  f l o w  s e p a r a t i o n  was e s t i m a t e d  f r o m  t h e  
e x p e r i m e n t a l  w a l l  p r e s s u r e s .  The a n a l y t i c a l  a n d  e x p e r i m e n -  
t a l  d i s c h a r g e  c o e f f i c i e n t s  a r e  i n  r e l a t i v e l y  g o o d  a g r e e m e n t .  
The a n a l y t i c a l  r e s u l t s ,  h o w e v e r ,  d i d  n o t  p r e d i c t  t h e  e x p e r i -  
m e n t a l l y  o b s e r v e d  d i f f e r e n c e  i n  t h r u s t  c o e f ~ i c i e n t  b e t w e e n  
t h e  C 2 5 . 3  and  t h e  C 2 5 . 0  n o z z l e s .  Nor d i d  t h e  t h e o r e t i c a l  
c a l c u l a t i o n s  p r e d i c t  t h e  d r o p - o f f  o f  t h e  t h r u s t  c o e f f i c i e n t  
f o r  t h e  C 2 5 . 0  and  C25 .3  n o z z l e s  a t  t h e  l o w e r  p r e s s u r e  r a t i o s .  
H o w e v e r ,  t h e  d i f f e r e n c e  i n  t h e  t h e o r e t i c a l  and  e x p e r i m e n t a l  
t h r u s t  c o e f f i c i e n t s  i s  w i t h i n  t h e  e x p e c t e d  a c c u r a c y  o f  t h e  
momentum b a l a n c e  p r o c e d u r e .  A more  a c c u r a t e  t h r u s t  m e a s u r e -  
m e n t  i s  a p p a r e n t l y  r e q u i r e d  t o  r e s o l v e  t h i s  p a r t i c u l a r  t h r u s t  
a n o m a l y  b e t w e e n  t h e  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  r e s u l t s .  
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4.2 EFFECT OF TOTAL PRESSURE DISTORTION (COLD PRIMARY FLOW) 

The influence of radial distortions in total pressure 
on nozzle performance was evaluated in the turbofan simula- 
tor test rig (Fig. 4b). Unheated air was used for both the 
primary and bypass streams. The nozzle inlet radial total 
pressure profiles were obtained by altering the inlet total 
pressure to the bypass and main venturis. 

T y p i c a l  n o z z l e  t o t a l  p r e s s u r e  p r o f i l e s  o b t a i n e d  w i t h  
t h e  C 4 0 . 1  n o z z l e  a r e  p r e s e n t e d  i n  F i g .  15 f o r  b y p a s s  r a t i o s  
o f  0 . 8 1  a n d  1 . 3 6 .  F o r  a BPR o f  0 . 8 1 ,  t h e  t o t a l  p r e s s u r e  o f  
t h e  c o r e  f l o w  i s  g r e a t e r  t h a n  t h a t  o f  t h e  b y p a s s  f l o w .  I n -  
c r e a s i n g  t h e  BPR t o  1 . 3 6  r e s u l t s  i n  a b y p a s s  t o t a l  p r e s s u r e  
g r e a t e r  t h a n  t h a t  o f  t h e  c o r e  f l o w .  A l s o ,  f o r  c o m p a r a t i v e  
p u r p o s e s ,  t y p i c a l  t o t a l  p r e s s u r e  p r o f i l e s  f o r  a f u l l - s c a l e  
t u r b o f a n  w i t h  BPR ~ 1 a n d  f o r  a t u r b o j e t  e n g i n e  o p e r a t i n g  
a t  m i l i t a r y  p o w e r  c o n d i t i o n s  a r e  p r e s e n t e d  i n  F i  K. 15 .  The 
n o z z l e  w a l l  p r e s s u r e  d a t a  d i d  n o t  r e v e a l  a n y  d i s t i n g u i s h i n g  
c h a r a c t e r i s t i c  o f  i n l e t  p r e s s u r e  d i s t o r t i o n  on  w a l l  p r e s -  
s u r e  d i s t r i b u t i o n .  H o w e v e r ,  a c o n s i s t e n t  e f f e c t  o f  i n l e t  
p r e s s u r e  d i s t o r t i o n  on  n o z z l e  d i s c h a r g e  c o e f f i c i e n t  was  
o b s e r v e d  ( F i g s .  16 a n d  1 7 ) .  As t h e  BPR i n c r e a s e s  ( i . e . ,  
i n c r e a s i n g  b y p a s s  t o t a l  p r e s s u r e ) ,  t h e  n o z z l e  d i s c h a r g e  
c o e f f i c i e n t  d e c r e a s e s .  T h i s  t r e n d  was  o b s e r v e d  f o r  a l l  t h e  
n o z z l e s  o v e r  t h e  e n t i r e  r a n g e  o f  f l o w  c o n d i t i o n s  i n v e s t i -  
g a t e d .  F o r  n o z z l e  p r e s s u r e  r a t i o s  g r e a t e r  t h a n  a p p r o x i m a -  
t e l y  2 . 6 ,  t h e r e  i s  no a p p r e c i a b l e  d i f f e r e n c e  i n  n o z z l e  
t h r u s t  c o e f f i c i e n t s  f r o m  u n i f o r m  a n d  n o n u n i f o r m  i n l e t  p r e s -  
s u r e  p r o f i l e s .  T h e r e  a r e ,  h o w e v e r ,  some d i s c e r n i b l e  d i f -  
f e r e n c e s  in uniform and nonuniform flow thrust coefficients 
at the lower nozzle operating pressure ratios. It basi- 
cally appears that pressure distortions have a more pro- 
nounced effect on discharge coefficient than on nozzle 
thrust coefficient. Although not shown, there are essen- 
tially no differences between the thrust or discharge coef- 
ficients obtained using the area-weighted or the stream 
tube referencing methods. 

3 2  



AE DC-TR-75-82 

FFuII-Scale Low-B~ass 
! / T u r l ~ n ,  BPR - O.TJ 

LOl - -  . 

J 1.00 

~ 0"960 O.l 0.2 0.3 0.4 0.5 0.6 11.7 0.8 0.9 l.O 
Local Radius/Wall Radius 

Figure 15. Radial distr ibut ion of  total  pressure 
at nozzle inlet plane. 
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Figure 17, Influence of nozzle bypass ratio 
on C25.0 nozzle performance 
(cold flow). 

4.3 EFFECT OF COMBINED TOTAL PRESSURE 
AND TEMPERATURE DISTORTION 

The i n f l u e n c e  o f  t h e  c o m b i n e d  r a d i a l  d t s t o r t i o n ' o f  b o t h  
t o t a l  p r e s s u r e  and  t e m p e r a t u r e  on  n o z z l e  p e r f o r m a n c e  was a l s o  
e v a l u a t e d  i n  t h e  t u r b o f a n  s i m u l a t o r  t e s t  r i g  ( F i g .  4 a ) .  
H e a t e d  a i r  (800  t o  1 1 0 0 ° ~ )  w~s u s e d  f o r  t h e  p r i m a r y  a i r -  
s t r e a m  a n d  u n h e a t e d  a i r  (500UR) was u s e d  f o r  t h e  b y p a s s  f l o w .  
A g a i n ,  t h e  n o z z l e  i n l e t  r a d i a l  p r o f i l e s  w e r e  v a r i e d  by a l t e r -  
i n g  t h e  i n l e t  t o t a l  p r e s s u r e  t o  t h e  b y p a s s  a n d . m a i n  v e n t u r i s .  
T y p i c a l  n o z z l e  t o t a l  t e m p e r a t u r e  p r o f i l e s  f o r  t h e  p r e s e n t  i n -  
v e s t i g a t i o n s  and  p r o f i l e s  f o r  a f u l l - s c a l e  t u r b o f a n  a n d  
t u r b o j e t  a t  m i l i t a r y  p o w e r  c o n d i t i o n s  a r e  shown i n  F i g .  18.  
T e m p e r a t u r e  d i s t r i b u t i o n s  i n  t h e  p r e s e n t  e x p e r i m e n t s  c l o s e l y  
a p p r o x i m a t e  t h e  f u l l - s c a i e  l o w - b y p a s s  t u r b o f a n  c o n d i t i o n s .  

3 4  



/ 
/ 

A E D C - ~  I 
I i 

T y p i c a l  n o z z l e  t o t a l  p r e s s u r e  and t e m p e r a t u r e ' p r o ~ i l e s ' - o u - ~  
r a i n e d  w i t h  the  C 2 5 . 0  n o z z l e  a r e  p r e s e n t e d  i n  F i g .  19 f o r  
BPR's o f  1 . 3 7  and 0 . 7 8 5  and BTR's  o f  0 . 5 1 5  and 0 , 6 5 ,  r e -  
s p e c t i v e l y .  A d d i t i o n a l  p r e s s u r e  and t e m p e r a t u r e  p r o f i l e s  
f o r  e a c h  n o z z l e  a r e  p r e s e n t e d ,  i n  A p p e n d i x  B ( N o z z l e  P r e s -  
s u r e  and T e m p e r a t u r e  P r o f i l e s ) .  ~ ~ ~ 0 . ~  

i 1 . 4 ~  
z.3 

k..- 

1.2 

i . . 

t:l:l.B~a, ss.) 
1.1 

~ .0 ~ 

• q g ' ! -  . tT~  | 0., 

0.7 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Local nadhjsMall Radius 

Figure 18. Comparison of radial total temperature 
profiles at nozzle inlet. 

1.4 

"1.3 
~c, 2.2 

1.1 

Lo 
g 

0.9 

0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8~0.9 1.0 
Local Radius/Wall Radius 

Figure 19. Inlet stagnation properties for 
C25.0 nozzle at two nonuniform 
inlet temperature conditions. 

~e~ t, .'c" 

35 



AEDC-TR-75-82 

Once a g a i n ,  t h e r e  a r e  no  d i s t i n g u i s h i n g  c h a r a c t e r i s t i c s  
o f  n o z z l e  i n l e t  p r e s s u r e - t e m p e r a t u r e  d i s t o r t i o n s  as  c o m p a r e d  
w i t h  u n d i s t o r t e d  f l o w  on w a l l  Mach number  d i s t r i b u t i o n s  ( F i g .  
2 0 ) .  N o z z l e  C25 .0  p e r f o r m a n c e  c o e f f i c i e n t s  o b t a i n e d  w i t h  
i n l e t  t e m p e r a t u r e  a n d  p r e s s u r e  d i s t o r t i o n s  a r e  c o m p a r e d  i n  
F i g s .  21 a n d  22 w i t h  u n i f o r m  f l o w  a n d  w i t h  d i s t o r t e d  p r e s s u r e  
r e s u l t s .  W h e r e a s  c h a n g e s  i n  p r e s s u r e  d i s t o r t i o n  p r i n c i p a l l y  
a f f e c t  d i s c h a r g e  c o e f f i c i e n t ,  c h a n g e s  i n  b y p a s s  t e m p e r a t u r e  
r a t i o  i n f l u e n c e s  b o t h  t h e  a r e a - w e i g h t e d  d i s c h a r g e  a n d  t h r u s t  
c o e f f i c i e n t s .  As shown i n  S e c t i o n  4 . 2 ,  i n c r e a s i n g  t h e  BPR 
d e c r e a s e d  t h e  d i s c h a r g e  c o e f f i c i e n t .  H o w e v e r ,  F i g .  22 shows  
t h a t  t h e  d i s c h a r g e  c o e f f i c i e n t  i n c r e a s e d  f o r  an i n c r e a s e  i n  
BPR. T h e r e f o r e ,  t h e  e f f e c t  on t h e  a r e a - w e i g h t e d  d i s c h a r g e  
c o e f f i c i e n t  o f  t h e  t e m p e r a t u r e  d i s t o r t i o n s  i s  o p p o s i t e  t o  
t h e  e f f e c t  o f  t h e  p r e s s u r e  d i s t o r t i o n s .  A l s o ,  w h e r e a s  p r e s -  
s u r e  d i s t o r t i o n s  a l o n e  h a d  w h a t  i s  c o n s i d e r e d  t o  be  a s e c -  
o n d a r y  e f f e c t  on t h e  a r e a - w e i g h t e d  t h r u s t  c o e f f i c i e n t ,  t h e  
p r e s e n c e  o f  b o t h  p r e s s u r e  and  t e m p e r a t u r e  d i s t o r t i o n s  r e -  
s u l t e d  i n  a s i g n i f i c a n t  s h i f t  i n  m a g n i t u d e  b u t  n o t  i n  s h a p e  
o f  t h e  a r e a - w e i g h t e d  t h r u s t  c o e f f i c i e n t  c u r v e  ( F i g .  22). 
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A c o m p a r i s o n  o f  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  r e s u l t s  
f o r  t h e  C 2 5 . 1  n o z z l e  i s  p r e s e n t e d  i n  F i g .  23 .  E x p e r i m e n -  
t a l l y  m e a s u r e d  i n l e t  s t a g n a t i o n  c o n d i t i o n s  w e r e  u s e d  a s  
i n p u t s  f o r  t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  W h i l e  t h e  t h e o -  
r e t i c a l  r e s u l t s  c o m p a r e  f a v o r a b l y  w i t h  t h e  e x p e r i m e n t a l  
d a t a .  t h e  t h e o r e t i c a l  r e s u l t s  f o r  n o n u n i f o r m  f l o w  a r e  n o t  
a s  c o n s i s t e n t  a s  t h e  u n i f o r m  f l o w  r e s u l t s  a s  e v i d e n c e d  by t h e  
d i s c o n t i n u i t y  o f  t h e  l i n e  i n t e r c o n n e c t i n g  t h e  t h e o r e t i c a l  
p o i n t s  ( F i g .  2 3 ) .  The d i s c o n t i n u i t y  i n  t h e  t h e o r e t i c a l  r e -  
s u l t s  f o r  t h e  n o n u n i f o r m  f l o w  i s  p r i n c i p a l l y  t h e  r e s u l t  o f  
h a v i n g  l a r g e  r a d i a l  g r a d i e n t s  i n  t h e  s t a g n a t i o n  f l o w  p r o p e r -  
t i e s .  B e c a u s e  o f  t h e s e  g r a d i e n t s ,  t h e  n o n u n i f o r m  t h e o r e t i -  
c a l  r e s u l t s  a r e  n o t  a s  s t a b l e  n u m e r i c a l l y  a s  t h e  u n i f o r m  r e -  
s u l t s .  The n u m e r i c a l  i n s t a b i l i t i e s  r e q u i r e  t h a t  a d d i t i o n a l  
a n a l y t i c a l ' r e s t r a i n t s  be  a p p l i e d  t o  t h e  f i n i t e  d i f f e r e n c i n g  
s c h e m e  ( R e f .  2 ) .  S e v e r a l  h o u r s  o f  IBM 3 7 0 / 1 5 5  c o m p u t e r  t i m e  
w e r e  r e q u i r e d  t o  o b t a i n  t h e  n i n e  t h e o r e t i c a l  c a l c u l a t i o n s  
p r e s e n t e d  i n  F i g .  23 .  T h i s  r e l a t i v e l y  l a r g e  a m o u n t  o f  com-  
p u t e r  t i m e  i s  r e q u i r e d  t o  e s t a b l i s h  t h e  b o u n d a r i e s  o f  t h e  
f r e e - j e t  f l o w  f i e l d  f o r  c o n i c a l  n o z z l e s .  T h i s  i s  n e c e s s a r y  
s i n c e  t h e  f l o w  f i e l d  a t  t h e  e x i t  p l a n e  o f  c o n i c a l  c o n v e r g e n t  
n o z z l e s  i s  n o t  e n t i r e l y  c h o k e d  ( R e f .  1 ) ,  a n d  t h e r e f o r e ,  t h e  
f r e e - j e t  f l o w  f i e l d  i n f l u e n c e s  t h e  i n t e r n a l  n o z z l e  p e r f o r -  
m a n c e .  A l s o ,  ~ h e n  t h e r e  a r e  r a d i a l  g r a d i e n t s  o f  s t a g n a t i o n  
p r e s s u r e  a n d  t e m p e r a t u r e ,  i t  i s  n e c e s s a r y  t o  u s e  a s  f i n e  
g r i d  mesh  n e t w o r k  a s  p o s s i b l e  i n  o r d e r  t o  o b t a i n  a c c u r a t e  
r e s u l t s .  

A d d i t i o n a l  c o m p a r i s o n s  o f  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  
r e s u l t s  a r e  p r e s e n t e d  i n  F i g .  2 4 ,  w h e r e  w a l l  p r e s s u r e  d i s t r i -  
b u t i o n s  f o r  t h e  C25D3 n o z z l e  a r e  s h o w n .  The d i f f e r e n c e  i n  
t h e  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  p r e s s u r e  d i s t r i b u t i o n  j u s t  
d o w n s t r e a m  o f  t h e  n o z z l e  t h r o a t  i s  a s s u m e d  t o  be  t h e  r e s u l t  
o f  a l o c a l  s e p a r a t i o n  b u b b l e .  S i n c e  t h e  d i v e r g e n t  p o r t i o n  o f  
t h i s  n o z z l e  i s  p h y s i c a l l y  d e f i n e d ,  t h e  C25D3 n o z z l e  c a l c u l a -  
t i o n s  r e q u i r e  much l e s s  c o m p u t e r  t i m e  t h a n  t h e  c o n i c a l  n o z z l e  
c a l c u l a t i o n s .  The a n a l y t i c a l  r e s u l t s  p r e s e n t e d  i n  F i g .  25 
w e r e  o b t a i n e d  w i t h  a 21 by 56 mesh  i n c o r p o r a t i n g  r e a l  g a s  
e f f e c t s  i n  a b o u t  30 min  o f  IBM 3 7 0 / 1 5 5  c o m p u t e r  t i m e .  The 
i n f l u e n c e  o f  f l o w  n o n u n i f o r m ~ t i e s  on d i s c h a r g e  c o e f f i c i e n t s  
( F i g .  25)  f o r  p l u g  n o z z l e s  i s  s i m i l a r  t o  t h a t  o f  n o n - p l u g  
n o z z l e s ;  d e c r e a s i n g  t h e  b y p a s s  t e m p e r a t u r e  r a t i o  i n c r e a s e s  
t h e  d i s c h a r g e  c o e f f i c i e n t .  U n l i k e  t h e  n o n - p l u g  n o z z l e s ,  t h e  
n o n u n i f o r m i t i e s  i n c r e a s e d  t h e  p l u g  n o z z l e  a r e a - w e i g h t e d  t h r u s t  
c o e f f i c i e n t s  r e l a t i v e  t o  t h e  u n i f o r m  f l o w  r e s u l t s .  
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The n o z z l e  p e r f o r m a n c e  c o e f f i c i e n t s  p r e s e n t e d  i n  F i g s .  
13 t o  25 u s e d  t h e  a r e a - w e i g h t e d  s t a g n a t i o n  p r o p e r t i e s  i n  t h e  
d e f i n i t i o n  o f  r e f e r e n c e  c o n d i t i o n s .  A c o m p a r i s o n  b e t w e e n  
a r e a - w e i g h t e d  a n d  s t r e a m  t u b e  p e r f o r m a n c e  c o e f f i c i e n t s  f o r  
t h e  C25 .1  n o z z l e  i s  p r e s e n t e d  i n  F i g .  26 .  U s i n g  t h e  s t r e a m  
t u b e  r e f e r e n c i n g  p r o c e d u r e  as  c o m p a r e d  w i t h  t h e  a r e a -  
w e i g h t e d  m e t h o d  g e n e r a l l y  b r i n g s  t h e  n o z z l e  c o e f f i c i e n t s  
more  i n  l i n e  w i t h  t h e  u n i f o r m  f l o w  r e s u l t s .  H o w e v e r ,  c o e f -  
f i c i e n t s  o b t a i n e d  w i t h  e i t h e r  r e f e r e n c i n g  p r o c e d u r e  c a n  
d e v i a t e  c o n s i d e r a b l y  f r o m  u n i f o r m  f l o w  r e s u l t s  when s i g n i f i -  
c a n t  d i s t o r t i o n  i n  i n l e t  s t a g n a t i o n  p r o p e r t i e s  e x i s t s .  
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Figure 23. Comparison of experimental and theoretical 
nonuniform C25.1 nozzle performance. 
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5.0 SUMMARY 

The p r i m a r y  o b j e c t i v e  o f  t h e  t u r b i n e  e n g i n e  e x h a u s t  
n o z z l e  i n v e s t i g a t i o n s  was t o  e x p e r i m e n t a l l y  d e t e r m i n e  a n d  
a n a l y t i c a l l y  v e r i f y  t h e  i n f l u e n c e  o f  n o z z l e  i n l e t  f l o w  n o n -  
u n i f o r m i t i e s  a n d  g e o m e t r y  e f f e c t s  on n o z z l e  p e r f o r m a n c e  
c h a r a c t e r i s t i c s .  C r i t i c a l - f l o w  v e n t u r i s  w e r e  u s e d  t o  m e a -  
s u r e  n o z z l e  mass  f l o w s  t o  an e s t i m a t e d  a c c u r a c y  o f  ±1 p e r -  
c e n t .  N o z z l e  t h r u s t  was e v a l u a t e d  u s i n g  a momentum b a l a n c e  
p r o c e d u r e  t o  an  e s t i m a t e d  a c c u r a c y  o f  ± 1 . 5  p e r c e n t .  

The p r e s e n t  e x p e r i m e n t a l  r e s u l t s  f o r  u n d i s t o r t e d  n o z z l e  
f l o w s  w e r e  g e n e r a l l y  i n  good  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  
r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s .  F o r  p l u g  n o z z l e s ,  t h e  e x p e r i -  
m e n t a l  t h r u s t  v a l u e s  d e v i a t e d  a p p r o x i m a t e l y  2 p e r c e n t  f r o m  t h e  
e x p e r i m e n t a l  v a l u e s  p r e s e n t e d  by G l a s g o w .  The t h r u s t  u n c e r -  
t a i n t y . f o r  t h e  p r e s e n t  t e s t s  a r e  e x p e c t e d  t o  be  l a r g e s t  f o r  
t h e  p l u g  n o z z l e s .  The t h e o r e t i c a l  c a l c u l a t i o n s  f o r  u n d i s -  
t o r t e d  i n l e t  f l o w  f o r  n o n - p l u g  a n d  p l u g  n o z z l e s  a g r e e d  w i t h  
e x p e r i m e n t a l  d i s c h a r g e  c o e f f i c i e n t s  t o  w i t h i n  1 p e r c e n t .  The 
a g r e e m e n t  b e t w e e n  ~ h e o r e t i c a l  a n d  e x p e r i m e n t a l  t h r u s t  c o e f -  
f i c i e n t s  f o r  p l u g  ( u s i n g  p r e s e n t  e x p e r i m e n t a l  r e s u l t s )  a n d  
n o n - p l u g  n o z z l e s  was a p p r o x i m a t e l y  1 . 5  p e r c e n t .  

The e x p e r i m e n t a l  d a t a  show a s i g n i f i c a n t  i n f l u e n c e  o f  
s m a l l  c h a n g e s  i n  n o z z l e  t h r o a t  g e o m e t r y  on d i s c h a r g e  c o e f -  
f i c i e n t .  As e x p e c t e d ,  i n c r e a s i n g  t h e  t h r o a t  r a d i u s  o f  c u r v a -  
t u r e  i n c r e a s e s  t h e  d i s c h a r g e  c o e f f i c i e n t .  T h i s  r e s u l t  was  
a l s o  v e r i f i e d  by t h e  t h e o r e t i c a l  r e s u l t s .  The t h e o r e t i c a l  
a n d  e x p e r i m e n t a l  d a t a ,  h o w e v e r ,  a r e  i n  d i s a g r e e m e n t  w i t h  r e -  
s p e c t  t o  t h e  i n f l u e n c e  o f  c h a n g e s  i n  t h r o a t  r a d i u s  on  t h r u s t  
c o e f f i c i e n t .  The e x p e r i m e n t a l  d a t a  r e f l e c t  a n  i n c r e a s e  i n  
t h r u s t  c o e f f i c i e n t  w i t h  i n c r e a s i n g  c u r v a t u r e ,  b u t  t h e  t h e o -  
r e t i c a l  r e s u l t s  i n d i c a t e  v i r t u a l l y  no c h a n g e .  S i n c e  t h e  d i f -  
f e r e n c e  i n  t h r u s t  c o e f f i c i e n t  i s  a p p r o x i m a t e l y  1 p e r c e n t ,  a 
more  a c c u r a t e  t h r u s t  m e a s u r e m e n t  t h a n  t h e  p r e s e n t  momentum 
b a l a n c e  i s  r e q u i r e d  t o  r e s o l v e  t h i s  d i f f e r e n c e .  

The p r e s e n t  e x p e r i m e n t a l  r e s u l t s  d e m o n s t r a t e d  t h a t  c o l d  
f l o w  p r e s s u r e  d i s t o r t i o n s  r e p r e s e n t a t i v e  o f  l o w - b y p a s s  t u r -  
b o f a n s  h a v e  a n o t i c e a b l y  more  p r o n o u n c e d  e f f e c t  on d i s c h a r g e  
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t h a n  on t h r u s t  c o e f f i c i e n t s  o b t a i n e d  f rom e i t h e r ~ e  a r e a -  
w e i g h t e d  o r  t h e  s t r e a m  t u b e  r e f e r e n c i n g  t e c h n i q u e s .  Whereas  
c h a n g e s  i n  p r e s s u r e  d i s t o r t i o n  p r i n c i p a l l y  a f f e c t  d i s c h a r g e  
c o e f f i c i e n t ,  c h a n g e s  i n  b y p a s s  t e m p e r a t u r e  r a t i o  i n f l u e n c e s  
b o t h  t h e  d i s c h a r g e  and  t h r u s t  c o e f f i c i e n t .  F o r  n o z z l e  p e r -  
f o r m a n c e  c o e f f i c i e n t s  v e r s u s  n o z z l e  p r e s s u r e  r a t i o ,  t h e  
e f f e c t  o f  p r e s s u r e  and t e m p e r a t u r e  d i s t o r t i o n  r e s u l t s  i n  a 
s h i f t  i n  m a g n i t u d e  b u t  g e n e r a l l y  n o t  a s i g n i f i c a n t  c h a n g e  i n  
t h e  s h a p e  of  t h e  c u r v e s .  

The p r e s e n t  e x p e r i m e n t a l  d a t a  i n d i c a t e  t h a t  n o z z l e  w a l l  
p r e s s u r e  and Mach number d i s t r i b u t i o n s  have  v e r y  l i m i t e d  
v a l u e  f o r  p r e d i c t i n g  o r  a n a l y z i n g  t h e  e f f e c t s  o f  d i s t o r t i o n  
on n o z z l e  p e r f o r m a n c e .  

When mak ing  t h e o r e t i c a l  c a l c u l a t i o n s  f o r  d i s t o r t e d  n o z -  
z l e  f l o w s ,  t h e  n u m e r i c a l  r e s u l t s  would  e x h i b i t  i n s t a b i l i t i e s  
i n  f l o w  p r o p e r t i e s  i n  t h e  v i c i n i t y  o f  l a r g e  g r a d i e n t s  i n  

s t a g n a t i o n  p r o p e r t i e s .  However ,  by u s i n g  t h e  a d d i t i o n a l  
a n a l y t i c a l  r e s t r a i n t s  d i s c u s s e d  i n  R e f .  2,  t h e s e  n u m e r i c a l  
i n s t a b i l i t i e s  were  e l i m i n a t e d  and g e n e r a l l y  good c o r r e l a t i o n  
( ± 1 . 5  p e r c e n t )  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  was m a i n t a i n e d .  
The Wehofe r -Moger  c o m p u t e r  p rog ram r e q u i r e s  r e l a t i v e l y  s u b -  
s t a n t i a l  c o m p u t e r  t i m e  and o p e r a t i o n a l  e x p e r i e n c e ,  p a r t i -  
c u l a r l y  f o r  f r e e - j e t  c a l c u l a t i o n s ;  h o w e v e r ,  t h e  p r o g r a m  h a s  
d e m o n s t r a t e d  i t  can  p r o v i d e  p r e d i c t i o n s  f o r  r a t h e r  complex  
n o z z l e  f l o w s .  

U s i n g  t h e  s t r e a m  t u b e  r e f e r e n c i n g  p r o c e d u r e  compared  
w i t h  t h e  a r e a - w e i g h t e d  method  g e n e r a l l y  b r i n g s  t h e  n o z z l e  
coefficients more in line with the uniform flow results. 
However, depending on the type of flow distortions, either 
referencing procedure can deviate considerably from uniform 
flow results. Therefore, it can be concluded that nozzle 
performance coefficients cannot be ascribed to a given noz- 
zle configuration without regard for nozzle inlet flow con- 
ditions. This conclusion is also confirmed by the theoreti- 
cal results. 
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APPENDIX A 
NOMINAL EXPERIMENTAL NOZZLE PERFORMANCE DATA 

Data Po ln t  I PT8 p s l a  i TTa' 

64-  20 11.78 727 
- 30 11.64 729 
- 40 11.86 733 
- ,50 12.14 733 
- 60 12.32 735 
- 70 11 .95  737 

J -  80 11 .72  735 
- 90 11.79 737 

-100 9.908 493 
-110 9.962 493 
-120 10.28 493 
-130 10.69 495 
-140 10.73 499 
-150  10.47 ,500 
-160 9.781 503 
-170 9.886 504 

-180 9.761 504 
-190 9.821 507 
-200  I0  23 505 
-210 10.88 510 
-220 10.88 511 
-230 10.39 511 
-240  9.938 512 
-250 9.856 512 

39- 30 
- 40 
- 50 
- 60 
- 70 
- 80 
- 90 
-100 
-110 
-120 

59- 20 
- 30 
- 40 
- 50 
- 60 
- 70 
- 60 
- 90 
-100 
-110 
-120 
-130 
-140 

59-150 
-160 
-180 
-190  
-200 
-210 
-220  
-230  

60-  20 
- 30 
- 40 
- 50 
- 60 
- 70 
- 80 
- 90 
-100 
-110 
-120 

-130 
-140 
-150 
-160 
-170 
-180 
-190 
-200 
-210 
-220  

*TTp and 

15.803 
15.801 
15.833 
15.863 
15.914 
16.119 
16.294 
] 6 .695  
16.326 
16.155 

17.054  
17.484 
17 .259  
17 .691  
18,167 
14.466 
13 .508  
13 .923  
13.56 
13.418 
13.515 
13.40 
12.635 

13.529 
13.543 
13.72 
14.39 
13.99 
13.70 
13.62 
13.60 

15.94 
15.99 
15.95 
16 .25  
16 .59  
17.42 
16,92 
16.34 
18.03 
15,92 
15.92 

16.38 
19.32 
16.55 
16.98 
17.70 
17.33 
16.68 
16.44 
16.37 
16,37 

TTB= TT a 

462.5 
453 6 
465.6 
466.88 
467.6 
469.4 
471.0 
472,3 
473.08 
473.5 

845 
843 
840 
843 
845 
749 
751 
752 
753 
755 
755 
756 
758 

79O 
793 
797 
601 
8O0 
800 
802 
601 

485 
486 
468 
489 
491 
492 
493 
493 
493 
494 
495 

496 
496 
497 
498 
5O0 
5O0 
501 
5O2 
504 
5O5 

8 16"IcD, I 
Nol~ le  C15,1 

6 .03  0 .75  0.986 
2 .95  0 .983 
1.970 0.971 
1.76 O. 952 
1.660 0.934 
1.86 0.963 
2 , 4 0  i o . 983  
3.69 0 .985 

5.33 1.24 0.947 
2.54 0 .945 
1.76 0 914 
1.56 0.877 
1 48 0.855 
1.63 0.891 
2.07 0 937 
3.40 0.947 

4.76 0 .74  0 963 
2.56 0 984 
1.73 0.926 
L.50 0 .879  
1 .46  0.555 
1.62 0.905 
2 .01  0 . 9 5 5  
3 . 3 5  0 . 9 6 0  

Nozzle  C25.0  

5 .00  U~tform 0.952 
3.86 0.952 
3.26 0 .945 
2.60 0.942 
2.210 0.936 
1.985 0.029 
1.77 0 .913 
1.625 0.8977 
1.77 0.909 
2.01 I 0.926 

7.83 0.846 0.9788 
4.147 0 . 6 4 6  0.9823 
2.912 0.643 0.977 
2.13 0.646 0.9603 
1.82 0 .643 0.934 
1.62 0 .785 0.896 
1.75 0 .786 0.921 
1.96 0.784 0 . 9 4 5  
2.30 0.787 0.957 
2.66 0.786 0.966 
3 .265 0.788 0 .969 
4.32 0 .785 0.969 
6.816 0.783 0.967 

6.78 1.38 0.976 
3.39 1.38 0.976 
2 . 3 0  i 0 . 9 6 5  
1.79 0.9328 
1.98 0 .95  
2.97 5 0,974 
4 .424  0.979 
7 . 0 0  ' 0 . 9 7 6  

14 0.647 0.960 
5.23 0 .649 0.986 
3.31 0.648 0.958 
2.33 0.848 0.949 
1.85 0.649 0.921 
1.60 0.650 0,891 
1.72 0 ,905 
2.04 O.937 
2.60 0.956 
4.14 0.960 
8 .33  r 0.06 

14.45 1.43 0.936 
3.29 1.005 
2.37 1.012 
1.88 1,010 
1,62 1.009 
1.74 1.010 
2.07 1.011 
2 . 7 8  l . O l l  
4 ,05  1.002 
7.36 r 0,971 

I 
CFA I tt'a ' 

O. 94 
0 .966 
0.966 
0.963 
o. 963 
0.9615 
O. 967 
0.961 

O. 98 
1.0 
0 .995 
0 99 
0 998 
0 . 9 9  
1 .0  
O. 997 

O. 98 
0 .994  
0 .993  
0 . 9 9 4  
O. 996 
0 .  996 
0 .999  
0 . 9 9 5  

l~/sec]  Fa, lbf [TTp. °m J TTp, °a 

5.337 
5.272 
5.281 
5.275 
5.246 
5.276 
5.265 
5.287 

5.260 
5.2.58 
5.239 
5 214 
5 175 
5 186 
5 ,171 
5.209 

5 163 
5 164 
5.181 
5.138 
5.094 
5.133 
5.189 
5.154 

292 
, 240 

198 
180 
171 
190 
22O 
266 

238 
193 
150 
135 
116 
139 
155 
213 

232 
192 
150 
128 
122 
140 
169 
214 

974 533 
977 534 
983 537 
983 536 
986 540 
989 540 
987 539 
988 540 

0.987 
0.997 
1.003 
1.006 
1. 003 
] .002 
0.993 
0.973 
0.993 
0. 999 

0 . 9 5  
0.987 
0.9895 
1 .009  
1 . 0 1 5  
1 .00  
1.007 
1.012 
1 .005  
O. 9983 
1.000 
0.985 
0.961 

0.  937 
0.964 
0.9617 
0.976 
0.972 
0.972 
0.9544 I 
0 . 9 3 3  I 

0. 925 
0.982 
1.006 
1 .00g  
1 . 0 0 5  
1. 0052 
1 .0045  
1 .0062  
1 .002  
O. 9897 
0 .950  

0.0313 
0.9986 
! .O05 
1,002 
1.00 
1.002 
1 .003  
1 .004 
O. 996 
0.965 

7.046 
7.0414 
7.028 
7.0119 
6. 983 
7.0021 
7 004 
6.9905 
6,9724 
6.9665 

5.8394 
6.0135 
5.9358 
5. 9582 
5.947 
4 .8188  
4 .8509  
4.8819 
4.814 
4.799 
4.8445 
4.799 
4 .7858  

4 . 7 6 6 5  
4.7855 
4.839 
4.834 
4.789 
4 .809  
4.601 
4.783 

7.038 
7.031 
7.018 
7.065 
6.994 
7.015 
6. 995 
6 .993 
6.993 
6.97 
6.97 

6.987 
6.974 
6 .995 
6.961 
6. 946 
6.959 
6.924 
6 .953 
6.941 
6. 942 

309.2 • • 
291.5  
277.5 
253.7 
232.2 
218.4 
199.6 

i 181.3 
199.3 
219.6 t 

36? 1072 720 
340 1066 718 
298 1061 716 
263 1068 716 
237 1071 714 
161 936 605 
175 939 6O6 
193.3 938 608 
209 938 608 
221 942 611 
243 945 813 
259 943 613 
281 947 614 

279 ] 082 581 
240 1085 562 
206 1087 563 
178 1090 555 

223 
261 
282 

353 '~ * 
316 
284 
248 
214.0 
)90 
2O3 
229 
260 
302 
339 i 
359 
284 
25O 
218 
191 
2O4 
23O 
269 
3O4 
339 I , 
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D a t a  P o i n t  

4 0 -  20  I 1 6 . 0 6  
- 30  I 1 0 • 0 5  
- 40  1 6 . 0 9  
- 50 1 6 . 2 0  
- 00  1 6 . 2 1  
- 70  1 6 . 4 3  
- 80  1 8 . 4 6  
- 90  1 6 . 6 1  
- 1 0 0  1 6 . 7 9  

6 2 -  2 0  1 3 . 4 7  
• - 3O 1 3 . 4 1  

- 50 1 4 . 0  
- 60  1 4 . 2 7  
- 70  1 4 . 2 2  
- 80  1 3 . 7 0  
- 90  1 3 . 5 3  
- 1 0 0  1 3 . 4 2  
- 1 1 0  1 3 , 4 9  

- 1 3 0  1 4 . 0 2  
- 1 4 0  1 3 . 6 6  

N o z z l e  C 2 3  

- 1 7 0  I 1 3 . 4 3  

5 2 -  40 
- 50 
- 60  
- 7 0  
- 60  
- 90  
-1O0 
- 1 1 0  
- 1 2 0  
- 1 3 0  
- 1 4 0  
- 1 5 0  
- 1 6 0  
- 1 7 0  

6 6 -  2 0  
- 30  
- 40  
- 50 
- 60  
- 70 
- 80  
- 90  
- 1 0 0  
- 1 1 0  
- 1 2 0  
- 1 3 0  
- 1 4 0  
- 1 5 0  
- 1 6 0  
- 1 7 0  
- 1 8 0  
- 1 9 0  
- 2 0 0  
- 2 1 0  
- 2 2 0  
- 2 3 0  
- 2 4 0  

3 8 -  20 
- 30 
- 40 
- 50 
- 60  
- 70  
- 1 0 0  
- 1 1 0  
- 1 2 0  
- 1 3 0  
- 1 4 0  
- 1 5 0  
- 1 6 0  

6 7 -  60  
- 70  
- 80  
- 90  
- 1 0 0  

N , o = z l e  C 2 5 . 3  

N o z z l e  C25D3 

1 . 0 0  

I ~ ~  I ~._v_, I I [_°._947_ I 0 .974 
I ~ ~  I .x. ._ I I 1 0 • 9 4 5 1  0 .~65  
I ~ ' -  I , . ~D I I [° .e4: ; r  I 0 .975  
I ~ ~ ' ~ - ~  I I 10 .947  I 0 .952 
I , o . ~ o  I ,ma I z . ~  I 1 I 0 . 9 4 5  I 0 . 9 9 4  , 

l i : ;+  + I 
I ~ +.~'+ I I I _ ° . 9 4 4 1  l . o o  ] 
I I _+'+_-" I _ _'_ l O . . ;51  o . 2  
I ~ ?  I 7._~ I ~.z? i o . s ,  i o . ~ 4  
I ~ ' ~ " .  l _~._~? 17.9e+ I o.982 
I ~ ' ~  I . ~ !  l ° - e ~  I o.962 
I " ' J ' ~  i I'i'm I x . ~  I X . z z  1 0 . 9 5 7  I 0 . 9 6 6  

I.., 
7 . 2 4 2  
7 . 2 2 1  
7 . 2 1 7  
7 • 2 3 1  
7 . 1 9 5  
7 . 1 6 9  
? • 1 4 0  
7 . 1 5 4  
? .  125 

4~j67, 
C'4.505 
" 4 , ~ r o '  
4 . 9 5 1  
4.  927 
4 .  9 3 4  
4 •884  
4 •910  
4 . 8 9 9  
4 . 9 3 7  

4 , 7 9 5  
4 . 7 5 0  

- 4 . 7 3 7 "  
4 . 7 7 3  
4 7 7 1  

972 
.1033 
1048 
1 0 5 5  
IO52 
1056 
1056  
1081 
1061 
1062 

974 
91 4 
91 4 ~  
31 5 
91 5 

555  
544 

-546 " 
549  
549 
652 
552 
552 
555  
556 

6o7  
6 0 5  

. 6 o 6 - .  
6o7 
6o7 

7 . 0 8 5  
7 . 0 7 5  
7 . 0 7 4  
7 . 0 6 1  
7 . 0 5 2  
? ,057  
7. 048 
t .027  
! . 017  
7 .  O3O 
7 . 0 3 3  
7 . 0 2 0  
7 . 0 0 2  
7 . 0 0 6  

5.  444 
5 . 4 1 6  
5 . 3 8 4  
5 . 3 6 1  
5. 348 
5 . 2 9 6  
5 . 3 1 9  
6 . 2 3 6  
6 . 2 8 0  
5 . 3 0 3  
5 . 2 4 1  
5 . 2 9 7  
5 . 2 1 9  
5 . 2 4 5  
5 . 2 8 3  
5 . 2 6 4  
5 . 2 8 3  
5 . 2 7 5  
6 . 2 8 7  
5 . 2 6 9  
5 . 2 2 9  
5 , 2 1 9  
5 . 2 0 9  

7 •248  
7 . 2 1 7  
7 . 2 4 3  
7 . 2 2 4  
7 . 2 6 1  
7 .  208  
7 , 2 2 0  
7 . 2 4 8  
7 . 2 4 4  
7 , 2 2 2  
7 , 2 0 3  
7 . 2 2 7  
? . 2 1 8  

5 . 2 2 4  
5 . 2 3 5  
5 . 2 3 4  
5 . 1 8 3  
6 .  026 

I 

I 

I ! 
| I  5 3 2  
| 4  5 4 0  

)8 I 338 ~8 542 
r5  5 4 0  
r l  5 4 3  
VO 5 4 4  
~5 5 4 4  

s 

5 0  
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D a t a  P o i n t  PT , s p  l a  TT w ° R  NPR BP9 CDA CFA V a ,  lbm/sec  Fn, Ib f  TTp, -8 TTB , "It 

N o z z l e  C 2 5 0 3  

67-110 13.58 500 3.41 6.037 
-120 13.60 500 2.26 6 .023 
-130 13.64 501 1.93 6.047 
-140 14.00 502 6.10 6 . 0 3 9  
-150 14.02 505 3.41 6.037 
-160 14.09 505 2.29 6.077 
-170 13.99 504 1.98 6.009 

41- ?0 
- 80 
- 90 
-100 
-110 
-120 
-130 
-140 

-160 
-170 
-180 
-190 
-210 
-220 
-230 
-240 
-250 

57- 20 
- 30 
- 40 
- 80 
- 90 
- 1 O0 

- 1 1 0  
-120 
-130 
-200 
- 2 1 0  
- 2 2 0  

47- 30 
- 40 
- 50 
- 60 
- 70 
- 80 
- 90 
-100 
~ 1 1 0  
-120 
-130 
-140 
- 1 5 0  

16.27 
16.46 
16.62 
16.87 
16.68 
16.45 
16.34 
16.25 

16.18 
16.19 
16.15 
16.16 
16.19 
18.28 
16,33 
16.61 
16,74 

15.95 
15.94 
1 5 . 9 9  
1 6 . 1 7  
16.01 
15.94 

15.05 
16.04 
16.14 
16.28 
16.03 
16.02 

11.19 
1 1 . 1 9  
1 1 . 2 1  
1 1 . 2 5  
1 1 . 3 0  
11.31 
11.28 
1 1 . 2 7  
1 1 . 2 9  
1 1 . 3 5  
1 1 . 3 6  
1 1 . 4 3  
1 ] . 2 7  

466 
468 
469 
469 
471 
471 
472 
473 
473 
474 
476 
476 
477 

4 5 -  30  
- 4 0  

- 5 0  

- 7 0  

- 5 0  

5 0 -  30 

15.96 476 
15.94 477 
15.93 478 
15.95 478 
15.99 478 

- 90 16.28 478 
- I 0 0  16.54 4 7 9  
- 1 1 0  1 5 . 9 3  4140 
-120 15.q2 .IHI 
-130 15.94 481 
-14U 15.93 481  
- 1 5 0  16.00 4H2 
-160 15.96 482 
- 1 7 0  1 6 . 3 1  4 8 2  
-160 ]6 .73  482 

18 146 7 4 9  
- 40 114.83 752 
- 30 18 8B 751 
- 6 0  1 8 . 9 2  7 5 1  
- 7 0  19 114 7 5 0  
- 80 tH.qo 7 5 2  
- 01) Ib 141 7 5 5  
-It)N 114 7q 754 
- t l O  LH.78 755 

- 1 3 0  20.5M 7 8 7  
-1 ,10  20.531 781 
- 1 7 ( |  2 0  61 7 9 0  
-1140 2 0  (;:~ 781 
- 1 q 0  2(I.60 781  

2.31 
2.04 
1.87 
1.68 
1.85 
2. 068 
2 .355 
2.72 

3.97 
5.283 
6.629 
4.53 
3.06 
2 . 5 1  
2.26 
1.91 
1.79 

7.4 
3.89 
2.58 
2.26 
3 . 0 5  
5.49 

5.93 
3.90 
2 .65 
2,29 
3.14 
5 2  

6.14 
3.79 
2.91 
2.35 
1.93 
1.63 

11.92 
5.46 
2.91 
2.27 
1.94 
1.64 
1.51 

5.32 
3.97 
3 38 
2.38 
2.02 
i .81 
1 . 7 3  
5.19 
4.114 
3 2 0  
2.72 
2.32 
2.07 
1 . 8 5  

1.68 

26.53 
4.43 
3 09 
2 31 
1 014 
2 . )2  
2 67 
:~ 4q 
5t47 

3,3 
• 2 55 
2 ,H6 
4 . 0 1  
4 . 8 5  

0.61 0.953 1.015 
0.61 0.949 1.009 
0.62 0.951 0.992 
1.21 0.926 1.004 
1.22 0.926 1.019 
1.22 0.929 1.005 
1.22 0.925 0 9902 

NoTzle C40.1 

Uniform 0 . 9 2 6  0.9989 
0.921 0.9925 
0.911 0.9848 
0.897 0,960 
0.912 0.9828 
0.9206 0.9945 
0.9318 1.002 
0,9356 1.006 

0.934 0,9987 
O.937 0 ,965 
0 . 9 3 8  0.97 
0.939 0.9898 
0.937 1.003 
0.934 1.001 
0.930 0.9968 
0.907 0.9921 

" 0 . 9 0 5  0.9756 

0 . 8 1  0 . 9 4 5  0 . 9 6 0  
0.943 0.995 
0.940 1.003 
0 93 1.0073 
0.94 1.003 
0.943 0.981 

1.37 0.936 0.974 
0.934 0.995 
0.932 1.002 
0.923 1.003 
0.933 io .999  

P 0.936 0.982 

NoTJle SPAC 

U n z r o r m  0.965 0.93 
0.965 0.916 
0.962 0.872 
0.957 0.691 
0.955 0.854 
0.957 0.834 
0.956 0.937 
0.958 0 930 
0.954 0.90 
0.953 0.884 
0.953 0.863 
O 946 0 . 8 0 8  
0.958 0 836 

~ o r z l e  UPAC 

U n x f o r m  0.959 0 .95 
0.958 0,935 

" 0.959 0.961 
0.958 0.988 
0 .95 0.989 
0.936 ! .043 
0.922 1.009 
0.952 0 958 
0.957 0.961 
0.q58 0 . 9 7 2  
0 . 9 5 6  0 . 9 9 2  
0 , 9 5 6  0 . 9 9 1  
0 . 9 5 4  0 . 9 9 3 !  
0 , 9 3 6  1 , 0 0 2  
0 . 9 1 1  I 0 2 6  

0 9 6 2  
0 . 9 8 3  

1) 1464 0 , 9 5 8  
0 , 8 6 6  0 . 9 6 3  
0.866 0.q62 0.~75 
0 . 8 6 7  0 , 0 5 9  1.024 
0.667 (! 043 1.028 
0 865 0 957 1.028 
0.860 0 963 1.014 

0.062 0.094 
t) 066 0.993 

0.H71 
0.1469 

1.40 0 . q 9 7  0 . 9 8 3  
1.50 0 . 9 9 5  I 1 . 0 0 4  
1 4 9  0.993 l 0.ooo 
1.40 I).q93 I 0 075 
1.49 0 . 9 9 : |  I 0.97 | 

5.1767 
5.202 
5.186 
5.178 
5.198 
5.177 
5.198 
5.192 

5.155 
5.170 
5.161 
5.163 
5.162 
5.167 
5.159 
5.122 
5.145 

5.133 
5.098 
5.087 
5 , 0 7 1  

-¢:o74 
5.055 

5.051 
5 . 0 3 5  
5.065 
5.019 
5 . 0 0 0  
5 005 

I 7.130 
7.120 
7.102 
7.091 
7.090 
7.109 
7.073 

I 7.082 
7.061 
7.079 
7.077 
7,068 
7 . 0 5 0  

4.768 
4.754 
4.751 
4.753 
4.724 
4.739 
4.739 
4.710 
4 722 
4.735 
4.722 
4.73H 
4 713 
4.727 
4 .7)6  

4. 487 
4. 503 
4 .  504  
4 .  501  
4.489 
4.484 
4 485 
4.477 
4 . 4 q o  

4 . 9 7 7  
4. 985 
4 , 9 8 0  
4. 986 
4.951 

2 M  * t 
211 
190 
294 
255 
215 
191 P P 

164 I 
154 
136 
153 
186 
180 I 
194 

219 
231 
242 
226 
202 I 
185 
175 
156 
147 

243 
215 
186 
175 
20O 
232 

235 ! 
215 

176  
2 0 0  
2 2 9  

310 
271 
234 
217 
185 
159 
35O 
3O3 
242 • 
212 
169 
) 54 
147 

207 
)80 
184 
164 
148 
145 
135 
2O6 
196 
183 
175 
162 
152 
]42 
) 34 

315 
244 
215 
199 
175 
189 
211 
228 
263 

252 
' 231 

24; 
278 
277 

I 
I 

J 
t 

927 
928 
929 
931 
927 
931 
935 
034 
931 

1050 
1039 
1039 
1039 
1038 

6 ,9 
2 
0 

6 ~  
6 ,9 
6 0  
6 2  
6 2 

5 

;6 
:4 
:6 
~6 
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APPENDIX B 
NOZZLE TOTAL PRESSURE AND TOTAL TEMPERATURE PROFILES 

C16.1 Nozz l e  

Data P o i n t  6 4 - 9 0 ,  BPR - 3 . 8 9 ,  BTR = 0 . 5 4 7 ,  HPR = 3 . 8 9  

j .,.. i o.ol o . !  o . l o , ~  i o I o,, Io33 !o4~ !o,,1o,,  i o . l , o  

TT, OR 1541 1678 1904 1981 1968 1987 1982 19.76 1931 [ 7 5 5  J540 1539 

Data  P o ' t n t  6 4 - 1 7 0 ,  BPR - 1 . 2 8 ,  BTR - 1 . 0 ,  NPR = 3 . 4 0  

r / r w  ! - 0 . 8 0  - 0 . 6 9  - 0 . 5 5  - 0 . 4 1  0 0 . 1 9  0 . 3 3  0 . 4 3  0 . 5 7  0 . 7 1  0 . 8 5  1 . 0  

PT, p a l a  I 0 . 3 0  9 . 9 6  9 . 7 0  9 . 7 1  9 . 6 7  9 . 6 6  9 . 6 6  9 . 6 8  9 . 6 2  9 . 8 4  1 0 . 3 7  1 0 . 3 7  

TT, OR 505 ~ 

Da ta  P o i n t  6 4 - 2 5 0 ,  BPR - 0 . 7 4 ,  BTR - 1 . 0 ,  NPR - 3 . 3 6  

[ 

[ r / r  w - 0 . 8 0  - 0 . 6 9 - 0 . 5 5  - 0 . 4 1  0 0 . 1 9  0 . 3 3  0 . 4 3  0 . 5 7  0 . 7 1  0 . 8 5  1 . 0  
I 

PT, p s i a  9 . 4 3  9 . 8 6  1 0 . 2 8  1 0 . 3 9  1 0 . 4 0  1 0 . 3 9  1 0 . 3 6  1 0 . 3 0  1 0 . 1 3  9 . 7 1  9 . 4 3  9 . 4 3  

TT, ° a  512 - 

C 2 5 . 0  N o z z l e  

Da ta  P o i n t  5 9 - 4 0 ,  BPR - 0 . 6 4 ,  BTR - 0 . 6 7 5 ,  NPR - 2 . 9 1  

J 
r , , ,  I o,01 o. l  o.I o4~i o io .  Io~ Io,~ io ~, WO,, lo~i ,o 

T,, OR i700 I.~ i896 11026 i1061 11060 i10~4 i1028 1922 1777 1716 1716 
Data P o i n t  . 5 9 - 1 2 0 ,  BPR - 0 . 7 8 6 ,  BTR - 0 . 6 5 0 ,  NPR - 3 . 2 7  

i . , .  i o,ol o- i  o . I  o,,i o io,, io ~ ro,~ io ~, io,, Io .  i, o 

• ,, OR 1613 1763 1669 1939 i94~ 1944 1941 1932 1860 1710 i6~3 16~2 

Data  P o i n t  5 9 - 1 6 0 ,  BPR = 1 . 3 8 ,  BTR = 0 . 5 1 8 ,  NPR - 3 . 3 9  

p ,r  o o o  o o ,  o lo,  o o o o , o o , o  r 

TT, oR 1573 1802 1992 ~1063 11085 11084 11079 11072 11014 1706 1562 1562 [ 

52 



A E D C - T R - 7 5 - 8 2  

C 2 5 . 0  N o z z l e  

Da ta  P o i n t  6 0 - 4 0 ,  BPR - 0 . 6 5 ,  BTR - 1 . 0 ,  NPR = 3 . 3 1  

r / r  w - 0 . 8 0  - 0 . 6 9  - 0 . 5 5  - 0 . 4 1  0 0 .19  0 .33  0 .43  0 .57 0 .71 0 . 8 5  1 .0  

PT, p s l a  15.44 15 .99  16 .50  1 6 . 6 6  16.66 1 6 . 6 6  16.64  1 6 . 6 0  1 6 . 4 2  15.79  15 .39  15 .39  

TT, OR 486 

Data  P o i n t  6 0 - 2 1 0 ,  BPR - 1 . 4 3 ,  BTR - 1 . 0 ,  NPR = 4 . 0 5  

r / r w  - 0 . 8 0  - 0 . 6 9  - 0 . 5 5  - 0 . 4 1  0 0 . 1 9  0 . 3 3  0 . 4 3  0 . 5 7  0 . 7 1  0 . 8 5  1 . 0  

i ~ ,  p s i a  1 6 . 7 9  1 6 . 1 9  1 5 . 9 3  1 5 . 9 2  15 .88  1 5 . 8 8  1 5 . 8 6  1 5 . 8 7  1 5 . 8 9  16 .37  1 6 . 8 9  1 6 . 8 9  

TT, OR 504 

C25 .1  N o z z l e  

Da ta  P o i n t  6 2 - 3 0 ,  BPR = 1 . 3 6 ,  BTR = 0 . 5 2 7 ,  NPR = 3 . 3 1  

i,~, . , ,113 32113 35113 o8113 o3 1,3.5o 13 5oi13 ,s 113..8113 ,s 113 31113 36113 371 
[TT, oR 1544 1779 1938 11024 11033 11033 11024 ]io2o 1966 ,j677 1544 [r544 I 

Data P o i n t  62-150 ,  BPR = 0 . 8 6 ,  BTR = 0 .629 ,  NPR - 2 . 6 1  

I 
~r.  I o.oI o.--I 0 ~01 o'~i o Io.~' Io ~ Io'~ Io ~' Io 7~ io'~ i~ 0 i 

", ,  OR i 6°4 1777 ! 663 I 9" 1964 I 9~ 1959 1951 19°~ I '15 1603 1603 I 

C25.3 NozzXe 

Dal:e P o i n t  66 -80 ,  BPR n 1 . 1 8 ,  BTR - 0 . 5 6 ,  NI~t - 2 .93  

I 
r / r  w , - 0 . 7 9 1 - 0 . 6 9 1 - 0 . 5 5 1 - 0 - 4 1 1  0 I0"19 10"34 I0"43  I 0 ' 5 7  I0"71  ]0"85  , I ' 0  1 

, , ,  OR j . o  1752 1901 1971 1970 j970 ]963 1961 191, 1660 ]543 1.3  j 

Data P o i n t  66-200 ,  BPR = 0 .71 ,  BTR = 1 .0 ,  NPR = 2 . 9 9  

r / r  w . - 0 . 7 9  - 0 . 6 9  - 0 . 5 5  - 0 . 4 1  0 0 .19  0 .34  0 .43  0 .57 0 .71  ! 0 . 8 5  1 .0  

PT, p s l s  1 1 . 6 9  1 2 . 1 3  1 2 . 2 8  12.22 1 2 . 3 6  12.35  12 .4]  12 .31  12.13 11.82 11.47 11 .47  

TT, OR 506 - -  
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C25D3 Nozzle  

Data Po ln t  67-70 ,  BPR = 1 .19 ,  BTR : 0 . 54 ,  NPR = 3 .38  

r / r ,  I -0.83[-0.691-0.541-0.401 0 10.20 [0.34 10.43 10.58 [0.71 10.86 11.0 

PT, p s l a  114.09114.18114.54114.56114.481 14.471 14.471 14 .46114.36[  1 4 . 1 6 1 1 4 . 0 8 1 1 4 . 0 8  

• , ,  oR 1535 i~96 j934 1,90 1,91 1990 1985 j977 1920 1739 i~35 153, 

Data Point 67-110, BPR : 0.614j BTR - 1.0, NPR - 3.41 

r / r  w -0.83 -0.69 -0.54 -0.40 0 0.20 0.34 0.43 0.58 0.71 0.86 1.0 

PT, psia 12.99 13.58 14.24 14.37 14.31 14.31 14.31 14.19 14.14 13.04 12.93 12.93 
TT, OR 500 

Data Polnt 67-150, BPR - 1.23, BTR : 1.0, NPR : 3.41 

r / r  w -0.83 -0.69 -0.54 -0.40 0 0.20 0.34 0.43 0.58 0.71 0.86 1.0 

PT' psla 14.27 13.92 13.78113.79 13.79 13.79'13.76 13.75 13.79 13.94 14.35 14.36 
TT, OR 505 

C40 . I  Nozz le  

Data P o i n t  57-90p BPR - 0.81~ BTR 1 .0 ,  NPR - 3 .05  

TT, OR 489 1490 490 1490 1489 1490 1490 148; 1491 1400 1492 1492 [ 

Data P o i n t  57-210,  BPR - 1.36, BTR - 1 .0 ,  NPR = 3 .14  

o o o OlD l o o o o Ol o o.  o 
.., o. 149, 499 1499 499 I~00 1.0 I~00 I~.0 1499 1498 1.0 I~00 

UPAC Nozzle  

Data P o i n t  56-50,  BPR - 0 . 8 7 ,  BTR - 0 . 71 ,  NPR = 3 .08  

I ~,~. i-o.,,l-o.~,l_o.,l_o.~,l_o.,! o to.,, Io.,, Io.. Io., !o.~, I~.o 

• , ,  oR 1 .4  1756 i 615 18- 1929 1930 1966 1908 1784 1756 p62 1660 

Data Point 56-180, BPR - 1.49, BTR - 0.60, NPR - 4.01 

r / r ,  I-0.72]-0.591-0.46[-0.371-0.231 0 10.27 10.39 10.56 [0.64 10.87 11.0 

PT' p s l a l  20" 58120"63 120"63120"67120"72120 '721 20"76120 .77  120.67120.72  120.56 120.58 

TT, OR 1738 1818 19o6 1969 i1034 1103811080 11024 1848 1796 1626 1625 

t ' "  
¢ 
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NOMENCLATURE 

A 

BPR 

BTR 

CD 

CDA 

CDS 

CF 

CFA 

CFS 

D 

F 

M 

NPR 

n 

P 

PT 

R 

Rc* 

C r o s s - s e c t i o n a l  a r e a  

Bypass  mass f l o w  r a t i o ,  WB/WP 

Bypass  T e m p e r a t u r e  R a t i o ,  TTB/TTp 

D i s c h a r g e  c o e f f i c i e n t  

A r e a - w e i g h t e d  d i s c h a r g e  c o e f f i c i e n t ,  d e f i n e d  by 
Eq. 3 

R a d i a l l y  w e i g h t e d  d i s c h a r g e  c o e f f i c i e n t  d e f i n e d  by 
Eq. 4 

T h r u s t  c o e f f i c i e n t  

A r e a - w e i g h t e d  t h r u s t  c o e f f i c i e n t ,  d e f i n e d  by Eq. 6 

R a d i a l l y  w e i g h t e d  t h r u s t  c o e f f i c i e n t  d e f i n e d  by 
Eq. 7 

D i a m e t e r  

F o r c e  (o r  t h r u s t )  0 

L e n g t h  

Mach number 

Nozz l e  p r e s s u r e  r a t i o  

Number o f  s t r e a m  t u b e  e l e m e n t s  

S t a t i c  p r e s s u r e  

T o t a l  p r e s s u r e  

Gas c o n s t a n t  

Nozz l e  l i p  r a d i u s  o f  c u r v a t u r e  n o r m a l i z e d  by t h r o a t  
r a d i u s  
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r 

T 

TT 

U 

W 

X 

(X 

7 

A 

6" 

P 

TW 

Radial distance from nozzle centerline 

Static temperature 

T o t a l  t e m p e r a t u r e  

A x i a l  v e l o c i t y  componen t  

Mass f l o w  r a t e  

A x i a l  d i s t a n c e  f rom n o z z l e  t h r o a t  ( p o s i t i v e  i n  down- 
s t r e a m  d i r e c t i o n )  

Flow a n g l e  

Ratio of specific heats 

Small increment 

Boundary layer displacement thickness 

Density 

Wall shear force 

SUBSCRIPTS 

I-D 

a 

B 

bl 

c 

cb 

e 

f 

One dimensional 

Actual 

Bypass 

Boundary layer 

Cell 

Centerbody (or axis) 

Exit 

Final 
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i I n i t i a l  

P P r i m a r y  o r  c o r e  f l o w  

w O u t e r  w a l l  

F r e e  s t r e a m  

SUPERSCRIPTS 

* T h r o a t  p l a n e  

A A r e a  w e i g h t e d  

S R a d i a l l y  s e g m e n t e d  

AEDC-TR-75-82 
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